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Lyme Disease Ecology:  
Effects of Habitat and Hosts on the Density and Distribution of Borrelia burgdorferi-Infected 
Ixodes scapularis  
Megan Ainsley Linske, PhD 
University of Connecticut, [2017] 
The intent of my dissertation is to look at host and habitat composition in Connecticut in 
order to further our knowledge of the ecology of Lyme disease. Previous studies on management 
strategies conducted in other areas seek to find a one-size-fits-all solution. However, Connecticut 
may require its own implementation of management strategies supported by research executed in 
its respective environment. The ecology of Lyme disease is a dynamic system that varies based 
on the availability of resources. Therefore, when selecting a management strategy, a novel 
approach that addresses the key components of a particular habitat, in this case Connecticut’s 
northern hardwood forests with an invasive plant understory, may yield better results than a 
“silver bullet” solution produced by a model or conducted in a different geographic location. 
My research is conducted in Connecticut backyards and woodlands. Therefore, the results 
and management strategies proposed through the product of my research will be directed towards 
decreasing the prevalence of ticks and B. burgdorferi in this state. My findings will manage for 
the composition of hosts and habitat specific to this area. The product of my research will be a 
long-term solution to the ecological issues that are causing the rise in tick populations and 
subsequent Lyme disease prevalence in Connecticut. I believe this is where the ecology of the 
disease becomes significant as the system is being addressed through interactions between 
habitat, host, and vector rather than studying them in discrete parts. 
Megan Ainsley Linske – University of Connecticut, [2017] 
 
 
In order to accomplish this goal, I have the following objectives: 1) To further define the 
relationship between blacklegged ticks (Ixodes scapularis) and invasive plant species in 
Connecticut, specifically Japanese barberry (Berberis thunbergii); 2) To determine the effects of 
Japanese barberry on Lyme disease, focusing mainly on the indirect effects, by examining the 
impact barberry has on the primary reservoir for B. burgdorferi, white-footed mice (Peromyscus 
leucopus); and 3) To apply the dilution effect on the density and dispersion of B. burgdorferi in 
Connecticut.
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CHAPTER 1: LITERATURE REVIEW 
 
TROPHIC CASCADE THEORY  
 
The presence or absence of apex predators can have substantial impacts on ecosystem 
function and community dynamics. For example, predators can exhibit a direct, regulatory effect 
on herbivore populations. The subsequent release of herbivore pressure on vegetation reveals the 
indirect effects predators have on vegetation, which can be viewed as a trophic cascade (Schmitz 
et al. 1997, Schmitz et al. 2004, Terborgh and Estes 2013) (Fig. 1). Specifically, the interaction 
between predator, herbivore, and vegetation is a commonly used example of a tri-trophic cascade 
pertaining to the theory that predators can naturally manage and sustain herbivore populations 
(Hairston et al. 1960, Estes and Palmisano 1974, Estes and Duggins 1995, Ripple and Larsen 
2000, Ripple et al. 2001, Fortin et al. 2005, Silliman and Angelini 2012). Predator management 
of herbivore populations subsequently results in greater vegetation diversity, abundance, and 
distribution, compared to areas where predators were reduced or removed.   
 
Figure 1. A trophic cascade with direct and indirect interactions (Silliman and Angelini, 2012).  
Note: P denotes predation between trophic levels.  
Megan Ainsley Linske – University of Connecticut, [2017] 
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My master’s research (Floyd 2014) sought to quantify the effects of major apex predator 
removal in the Northeast, primarily the mountain lion (Puma concolor) and the grey wolf (Canis 
lupus), on herbivore populations. The major herbivore species is white-tailed deer (Odocoileus 
virginianus), whose populations have become overabundant (DeNicola et al. 2000, DeNicola and 
Williams 2008), with Connecticut densities reaching as high as 23 deer/km2 (Ward et al. 2013, 
Ward et al. 2017). Such high densities have had severe impacts on woodland understories due to 
excessive herbivory. Pressure from deer overconsumption has inhibited forest regeneration and 
depleted the native shrub layer (McShea and Schwede 1993, McShea et al. 1997, Côté et al. 
2004, Ward et al. 2017).  Preferential and excessive consumption of seedlings, saplings, and 
herbaceous species by deer provides a sustained disturbance that modifies the overall habitat 
(Rooney and Waller 2003, Ward et al. 2017), in particular the forest understory (Webb et al. 
1956, Tierson et al. 1966, McShea and Schwede 1993). The indirect impacts seen by long-term 
absence of an apex predator has resulted in a trophic cascade demonstrating an elevated 
herbivore population with increased predation pressure on vegetation (Fig 2.)  
 
 
 
 
Megan Ainsley Linske – University of Connecticut, [2017] 
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Figure 2. Increased direct effect of herbivores causes a reduction in vegetation when predators 
are absent. Note: P denotes predation between trophic levels. 
 I further explored this particular cascade by including the intrusion of invasive species, 
specifically Japanese barberry (Berberis thunbergii). In many locations, this invasive, exotic 
plant took advantage of a niche previously occupied by native plants, and, due to its aggressive 
growth, overwhelmed the landscape and outcompeted native reestablishment (Silander and 
Klepeis 1999) (Fig. 3).  
  
Figure 3. Intrusion of invasive plant species, unpalatable to herbivores, on the disrupted trophic 
cascade. Note: P denotes predation between trophic levels and C denotes competitive 
interactions. 
Megan Ainsley Linske – University of Connecticut, [2017] 
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The intrusion of barberry as a result of this cascade resulted in increased blacklegged tick 
(Ixodes scapularis) populations in areas where Japanese barberry was present (Fig. 4; Floyd 
2014). This particular relationship between the blacklegged tick and barberry sparked additional 
questions as to the underlying causal mechanisms for the changing dynamics as well as the 
overarching ecological issues that may be the cause.  
  
Figure 4. Intrusion of invasive plant species in trophic cascade effects on blacklegged tick 
densities.  Note: P denotes predation between trophic levels and C denotes competitive 
interactions. 
The research presented in this dissertation will broaden our understanding of the 
expanding trophic cascade that encompasses the new questions introduced through previous 
research (Floyd 2014). Drawing upon Crooks and Soulé’s (1999) original depictions of habitat 
fragmentation’s role in mesopredator release, my dissertation research seeks to broaden our 
understanding of the roles of habitat, including how fragmentation and invasive plant species can 
potentially impact the density and distribution of blacklegged ticks. Therefore, my dissertation 
research was instigated by the original framework of a tri-trophic cascade (see above), but 
Megan Ainsley Linske – University of Connecticut, [2017] 
5 
 
eventually developed into a more complex depiction of the current questions plaguing Lyme 
disease ecology (Fig. 5). 
  
Figure 5. The role of habitat in the depiction of a tri-trophic cascade and its potential impacts on 
associated levels. Note: P denotes predation between trophic levels and C denotes competitive 
interactions. 
Several areas of research were developed as a result of this expanded trophic cascade 
(Fig. 5). The initial research conducted was primarily focused on the role Japanese barberry 
played in blacklegged tick ecology (Williams et al. 2009, Williams and Ward 2010, Floyd 2014). 
While this topic of invasive intrusion will be discussed in subsequent sections, additional 
questions arise as to the causal mechanism involving host species populations within Japanese 
barberry stands. Additionally, the role of habitat type warrants further investigation. Current 
studies on the connection between habitat and pathogen presence (Ostfeld and Keesing 2000, 
Allan et al. 2003) may not be a proper representation of Connecticut’s current dynamic. As a 
result, current management strategies may need to be updated or revisited to accommodate this 
changing perspective. In order to further our understanding of the current interactions occurring 
Megan Ainsley Linske – University of Connecticut, [2017] 
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in this trophic cascade that contribute to the increasingly complex conditions of Lyme disease 
ecology, the research and background provided in this literature review needs to be a treated as a 
foundation from which we will increase our conceptual knowledge on the topic.  
 
 
INTRUSION OF INVASIVE SPECIES 
 
Modifications to the landscape through such factors as excessive deer herbivory, urban 
sprawl, habitat fragmentation, and agriculture have created an opportunity for invasive plant 
species to establish (Hobbs and Huenneke 1992, Lundgren et al. 2004). The intrusion of such 
invasive plants has caused a reduction in biodiversity by outcompeting and suppressing native 
plant species (Bratton 1982, Rejmánek and Richardson 1996, Mullin et al. 2000, Bais et al. 2003, 
Vila and Weiner 2004). In several states, including Connecticut, exotic invasive plant species can 
represent up to 45% of the vegetation present (Mehrhoff 2000). Japanese barberry is one such 
invasive plant species that warrants further attention as it continues to expand its range and 
outcompete native plant species (Silander and Klepeis 1999, Ward et al. 2010, Williams and 
Ward 2010, Ward and Williams 2011). 
 
JAPANESE BARBERRY 
 
Japanese barberry was originally introduced to replace the ornamental common barberry 
(Berberis vulgaris), which was a host for black stem grain rust (Thompson and Robbins 1926). 
With few natural barriers, Japanese barberry spread rampantly throughout much of the Northeast. 
Currently, it has been documented in 32 states and 6 Canadian provinces (USDA, NRCS 2014). 
Megan Ainsley Linske – University of Connecticut, [2017] 
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Japanese barberry has outcompeted the sparse native plant population that remains, thereby 
greatly reducing the density and diversity of native plant species throughout much of the United 
States, in particular the Northeast (Kourtev et al. 1998, Ehrenfeld 1999, Silander and Klepeis 
1999, Harrington et al. 2004, Ward and Williams 2011). 
Management methods have been investigated to try to reduce the density and distribution 
of Japanese barberry. Prescribed burning, herbicide application, and mechanical removal have all 
been used with varying success in Connecticut (Ward et al. 2009, Williams et al. 2009, Ward et 
al. 2010, Williams and Ward 2010, Ward and Williams 2011;2013, Ward et al. 2013). 
Researchers noticed that in areas where barberry was left unmanaged, there were increased 
numbers of blacklegged ticks (Ward et al. 2009, Ward et al. 2010, Ward and Williams 2011; 
2013, Ward et al. 2013). 
It was determined that Japanese barberry stands harbored more blacklegged ticks than 
areas where Japanese barberry was naturally absent or managed. The barberry plant created a 
more hospitable habitat for questing ticks by creating a humid microclimate that allowed them to 
quest for longer periods throughout the day (Williams et al. 2009, Williams and Ward 2010). 
Due to the sustained humidity and temperature within the umbrella-shaped plant, Japanese 
barberry became optimal habitat for ticks. 
The results of these studies carry notable concern as the blacklegged tick is the vector for 
the pathogen Borrelia burgdorferi that causes Lyme disease (Burgdorfer et al. 1982, Daniels et 
al. 1997, Piesman and Happ 1997). Therefore, Japanese barberry management can be 
implemented to address both forest health and public health concerns. Proper barberry 
management will simultaneously address the ecological issues that arise from the invasive plant 
Megan Ainsley Linske – University of Connecticut, [2017] 
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species as well as reduce the number of ticks that could potentially transmit the pathogen that 
causes Lyme disease. 
 
BLACKLEGGED TICKS 
 
Blacklegged ticks are the vector for tick-borne disease pathogens that cause human 
babesiosis, human granulocytic ehrlichiosis, hard tick relapsing fever, and encephalitis 
(Spielman et al. 1985, Telford 3rd et al. 1997, Stafford et al. 1999, Qiu et al. 2002, Diuk-Wasser 
et al. 2014). However, the blacklegged tick is also well known for being the main vector for the 
Lyme disease spirochete, B. burgdorferi (Burgdorfer et al. 1982). The transmission cycle of B. 
burgdorferi is reliant on the tick life-cycle, in particular its method of transitioning between life 
stages. 
Within its two-year life cycle, blacklegged ticks will transition through four life-stages: 
egg, six-legged larva, eight-legged nymph, and adult. After the eggs hatch, the tick will require 
blood meals from three hosts in order to survive and continue development (Control and 
Prevention 2007, Stafford 2007). Ticks will feed on the host until repletion, drop to the ground, 
and then transition to the next life stage. During these feedings, ticks can ingest B. burgdorferi, 
as well as other disease-causing pathogens, from a competent host. Therefore, the only stages 
capable of transmitting any contracted pathogens are nymphs and adult females, as they are the 
only stages that require a second and third feeding, respectively. If feeding from a competent 
reservoir host, the tick may have ingested the various pathogens, and in subsequent feedings, 
may then transmit pathogens to a naive host (Control and Prevention 2007, Stafford 2007). 
Megan Ainsley Linske – University of Connecticut, [2017] 
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The white-footed mouse (Peromyscus leucopus) is the main, competent host for juvenile 
blacklegged ticks (Stafford 2007). While white-footed mice are a highly-competent reservoir for 
B. burgdorferi, they do not show any signs of infection. In fact, the only indicators of infection 
with B. burgdorferi are an elevated white blood cell count or presence of antibodies to B. 
burgdorferi (Schwanz et al. 2011). The combination of host competency and lack of any 
manifestation of infection is what makes the white-footed mouse the primary competent 
reservoir for the blacklegged tick and B. burgdorferi (Donahue et al. 1987, Mather et al. 1989, 
Ostfeld and Keesing 2000, LoGiudice et al. 2003). 
 
LYME DISEASE 
 
Lyme disease is currently considered one of the most frequently diagnosed zoonotic 
diseases worldwide (Burgdorfer et al. 1982, Control and Prevention 2007, Bratton et al. 2008). 
Also known as Lyme borreliosis, it is an infectious disease caused by the pathogen B. 
burgdorferi, which is a bacterial species in the Spirochaetaceae family. B. burgdorferi is found 
throughout much of North America as well as Europe and Asia (Nau et al. 2009, Marques 2010). 
Once infected, human symptoms can include an expanding red, bull’s eye rash known as 
erythema migrans, as well as fever, headache, and fatigue. If left untreated, symptoms can 
elevate to stiffness and pain in joints, paralysis of one or both sides of the face, heart palpitations, 
or severe headaches (Steere et al. 1983, Sanchez 2015). When diagnosed, Lyme disease can be 
treated with doxycycline as well as other antibiotics (Control and Prevention 2007, Bratton et al. 
2008, Clark and Hu 2008). 
Diagnosis usually consists of a two-tiered testing protocol, first an enzyme-linked 
immunosorbent assay (ELISA) test on blood serum. If positive, the ELISA test will be followed 
Megan Ainsley Linske – University of Connecticut, [2017] 
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by a Western Blot analysis to test for specific IgM and IgG antibodies (Dressler et al. 1993, 
Kalish et al. 2001, Steere et al. 2008). The results of the second test definitively characterize the 
signs and symptoms as a result of Lyme disease, rather than one of the other tick-borne illnesses 
such as human granulocytic anaplasmosis or human babesiosis (Dahlgren et al. 2011, Diuk-
Wasser et al. 2014, Hersh et al. 2014). 
Lyme disease is transmitted through the bite of an infected blacklegged tick. During the 
nymph or adult stages of the tick’s life cycle it can transmit the pathogen B. burgdorferi to its 
hosts, as discussed in the previous section. Hosts vary depending on what stage the tick is 
currently in, and the hosts can also be either a competent or incompetent reservoir. A competent 
reservoir such as white-footed mice, can not only contract the pathogen, but also pass it on to the 
next group of feeding ticks (Piesman and Happ 1997, Ostfeld and Keesing 2000). This is unlike 
incompetent reservoirs such as white-tailed deer that can become infected, but cannot pass the 
pathogen to other feeding ticks (Gern et al. 1998). 
Humans contract Lyme disease from tick bites. After 36-48 hours of attachment, the 
bacteria B. burgdorferi can infect human hosts resulting in signs and symptoms indicative of 
Lyme disease. Prevention efforts have been numerous to not only deter tick bites, but also 
directly and indirectly affect the prevalence and spread of Lyme disease. These efforts have been 
focused not only on directly reducing tick numbers, but also by treating hosts of blacklegged 
ticks. Treatment approaches can overlap and are often used in combination for a more effective 
management strategy. 
Studies conducted on directly addressing the vector for Lyme disease, blacklegged ticks, 
have been pursued fervently. Pesticides specifically directed at the subclass Acari, known as 
acaricides, have been used to target ticks (Clark and Hu 2008). Acaricides can not only be 
Megan Ainsley Linske – University of Connecticut, [2017] 
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sprayed directly onto the landscape, but can be directed at key host species as well. Such 
interventions involve a passive, 4-poster feeding station for deer that consists of feed troughs 
whose access point have paint rollers containing the acaricide permethrin (Bratton et al. 2008, 
Grear et al. 2014). When deer feed, their face, neck, and shoulders make contact with the paint 
rollers thereby distributing the acaricide over the animal. Any attached ticks will then come in 
contact with the acaricide and be killed. Studies using 4 posters have shown reductions in 
blacklegged ticks both on deer and in surrounding areas (Stafford et al. 2009, Garnett et al. 2011, 
Grear et al. 2014, Stafford and Williams 2017). Grear et al. (2014) found an 8.4% reduction in 
blacklegged ticks compared to untreated areas using this particular treatment method. 
 White-tailed deer removal has also been employed for Lyme disease management. 
Several studies have looked at the effects complete deer removal (Rand et al. 2004) or deer 
reduction (Stafford et al. 2003, Garnett et al. 2011, Kilpatrick et al. 2014) have on blacklegged 
ticks and Lyme disease. Most studies indicated a decline in both ticks and disease with a reduced 
or eliminated herd. Rand et al. (2004) used Monhegan Island as an isolated area to test the 
removal of deer and its effects on ticks and associated disease. They found that eradication of 
deer significantly reduced tick populations over time. Previously up to 17 adult ticks/ha were 
collected with up to 41% infected with B. burgdorferi. Several years after the culling, tick 
densities were reduced to 0.67 ticks/ha and 29.4% were infected. 
In a similar manner as the 4-poster treatment, rodent bait boxes can be used to reduce tick 
densities. Within each box is a baited feeding station where rodents such as mice and chipmunks 
(Tamias striatus) can enter and consume the bait. In the feeding station is a small wick 
containing the acaricide, which is distributed over the rodent. This would act in the similar 
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manner as the 4-poster treatment in which any ticks that attach to rodents would expire as a 
result of contact with the acaricide (Schulze et al. 2007).  
Lyme disease is a topic of interest in research fields ranging from medical entomology to 
wildlife biology. It is a multidisciplinary, multifaceted issue that requires both basic research to 
accumulate more knowledge on the factors that influence the spread and density of the disease as 
well as applied research that will provide solutions to the issues we are facing now. A 
combination of basic and applied research foundations will ultimately lead to a better grasp on 
the issues that arise from this disease as well possibly strategies to amend it. 
DILUTION EFFECT 
  
Norman et al. (1999) defined dilution effect as the “theoretical inhibitory effect on 
enzootic pathogen transmission cycles maintained by one competent reservoir host species, when 
reservoir incompetent host species are added to the host community.” Essentially, the dilution 
effect theorizes that as host biodiversity increases, the chances of disease-bearing vectors 
encountering competent hosts decreases as a result of increased percent encounters with 
incompetent hosts. This can be accomplished through what Keesing (2006) calls direct and 
indirect encounters. 
Direct encounters are those that involve encounter reduction, in which host diversity 
increases the encounter rate of vectors with reservoir-incompetent species compared to 
competent individuals. Indirect encounters can include the reduction in abundance  of competent 
hosts through predator-prey interactions or competition for resources. Regardless of the direct or 
indirect manner in which this “dilution” occurs, researchers such as Ostfeld and Keesing (2000) 
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speculate that reduction in pathogen and disease prevalence should occur as a result of increased 
biodiversity. 
Lyme disease is considered to be the best example of dilution effect theory. Community 
effects of Lyme disease transmission are commonly used as examples of dilution effect because 
the pathogen requires transmission between vector and reservoir-competent host in order to exist. 
Out of the four life stages of the blacklegged tick, three require a blood meal from a reservoir 
host. The diversity of hosts ranging from birds to deer is where the dilution effect comes into 
play. However, the topic has become increasingly controversial (Wood and Lafferty 2012, 
Ostfeld and Keesing 2013). The resulting studies and research has proven only one thing; 
dilution theory is not a one-size-fits-all solution to disease control. 
THEORY OF DILUTION 
 
In the concept of dilution effect, it is believed that biodiversity, accomplished through 
both species richness and evenness, results in an overall reduction of zoonotic disease such as 
Lyme disease. This is constructed based on the basic concept that in order for diseases like Lyme 
to propagate, they require competent hosts (Donahue et al. 1987, LoGiudice et al. 2003, 
LoGiudice et al. 2008, Marques 2010). A greater proportion of competent to incompetent hosts 
would therefore result in a higher percentage of infected vectors, in this case blacklegged ticks. 
Therefore, more biodiversity means a potentially higher proportion of incompetent hosts, which 
will lead to a decrease in percent infection of ticks. 
Researchers believe that focusing scientific study on increasing biodiversity will 
ultimately reduce the occurrence of Lyme disease (Ostfeld and Keesing 2000, Ostfeld 2009, 
Ostfeld and Keesing 2012). These researchers have determined that increased biodiversity can 
reduce disease prevalence through one or more mechanisms such as reducing the population of 
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necessary pathogen reservoirs, reducing the population of pathogen vectors, and/or reducing 
encounter rates between vectors and reservoirs (Ostfeld 2009). Ostfeld (2009) and many others 
focus this dilution effect theory mainly on Lyme disease. 
Ostfeld (2009) argues that habitat fragmentation is one of the leading causes of 
biodiversity loss. Opportunistic and competent reservoir species like eastern chipmunks and 
white-footed mice are abundant in highly-fragmented landscapes. Less competent species, 
Ostfeld argues, inhabit larger land parcels as opposed to smaller fragmented patches. Overall, 
studies by Ostfeld and others have produced computer models indicating a negative correlation 
between host biodiversity and the human risk of exposure to Lyme disease as habitat area 
increases (LoGiudice et al. 2003, Ostfeld and LoGiudice 2003, LoGiudice et al. 2008). 
Subsequently, the findings are being used as a justification to maintain or enhance large, 
contiguous habitats in order to support host diversity. 
 
CONTROVERSY OF AMPLIFICATION 
 
While sustaining or increasing biodiversity should always be of concern to individuals in 
the wildlife field, many have said that the dilution effect is being used as an unsupported reason 
for maintaining large habitat structures. But Ostfeld and colleagues have extrapolated a 
correlation between habitat and disease that is not transferable (Ostfeld and Keesing 2000, 
LoGiudice et al. 2003, Keesing et al. 2006, Ostfeld 2009). 
Most of the work provided that correlates habitat and biodiversity to disease reduction, 
specifically Lyme disease, consists of geographically-distinct modeling. Single location studies 
and model projections do not provide enough evidence to support the application of this theory 
to a universal scale. Some argue that this approach is “part of a growing effort to market 
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conservation actions based on the utilitarian services that biodiversity can provide for human 
society” (Wood and Lafferty 2013). If that is the case, then we need to take a broader view of the 
host-vector dynamics to see if they dilute or amplify the presence of the disease. 
 Randolph and Dobson (2012) challenged these ideas by saying that dilution effects may 
occur in nature but it is a “rarity.” In addition, they argue that it may contribute to a 
“panglossian” way of thinking that is based on the premise that biodiversity must always benefit 
humans. In fact, this may not be the case in regards to Lyme disease. 
Several studies have argued that an increase in biodiversity may also equate to an 
increase in abundance of hosts. While the encounter rate of ticks to competent hosts may be 
deterred, they are still receiving a blood meal. With an increase in hosts and therefore blood 
meals, we can see a rise in tick populations and while percent infection may remain the same or 
decrease slightly if the original theory holds true, there will still be an increase in the total 
number of ticks infected with the pathogen that causes Lyme disease. Additionally, blacklegged 
ticks benefit from a diverse host population consisting of small and large sized hosts (Vourc’h et 
al. 2012, Wood and Lafferty 2013). 
Overall, studies and models suggest that unless there are specific circumstances when 
diversity directly impacts highly competent hosts such as white-footed mice negatively, ticks 
feed proportionately more on incompetent hosts, or tick mortality is higher on specific host 
species, then the introduction of new host species will result in the amplification of pathogen 
presence (Ogden and Tsao 2009). Transmission of tick-borne diseases are density dependent 
(Dobson 2004) so regardless of whether you increase host diversity, there is still the potential for 
an increase in the overall abundance of hosts and therefore, the available blood meals for a rising 
population of ticks. 
Megan Ainsley Linske – University of Connecticut, [2017] 
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The dilution effect is a discrete theory at best, with minor applications to the field of 
zoonotic disease management. In order for a dilution effect to take place and not amplify 
pathogens, a very specific set of host circumstances would have to take place in nature. There 
would have to be a stable population of hosts that would not increase past an abundance 
threshold value as diversity was introduced. Once diversity increases, certain host species would 
have to have a negative effect on tick numbers grooming or immune response, or the 
incompetent host would have to have a greater likelihood of acquiring ticks than more competent 
host species (Dizij and Kurtenbach 1995, Craig et al. 1996, Levin and Fish 1998, Madhav et al. 
2004, Ogden and Tsao 2009). 
It would seem that dilution theory requires specific host-vector mechanisms in order to 
decrease prevalence of diseases such as Lyme. Those mechanisms indicate that an increased 
diversity of hosts will increase opportunities for ticks to encounter incompetent species, displace 
competent hosts, and additionally not increase in total host abundance. Additionally, there has 
been little research conducted in the field linking habitat, biodiversity, and Lyme disease 
pathogen prevalence. In fact, most studies have used indirect measures to quantify the correlation 
by only looking at one species such as white-footed mice, or just at fragment size. My research 
will hopefully bridge the gap in knowledge. 
 
RESEARCH GOALS  
 
Lyme disease has begun to grow not only in notoriety but in density and dispersion as 
well. Beyond the scope of public health, Lyme disease, and its associated vector and hosts, is 
increasing in importance due to its ecological implications. The spread of this disease is not 
purely reliant on its infectious qualities but rather the role the surrounding ecosystem plays, as 
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seen in Figure 5. Lyme disease, as well as other tick borne illnesses, are unique in this aspect in 
that the prosperity of the diseases are not contingent on their ability to infect alone, but also due 
to outside abiotic and biotic influences. 
Connecticut is of particular importance as the discovery and naming of Lyme disease 
stems from the town of Lyme, Connecticut, in which the disease is still endemic. By 
acknowledging the fact that the pathogen itself is promoted through the relatedness of our 
multifaceted ecosystem and not through virulence alone is a major step in reducing its presence. 
By not only acquiring more knowledge on the topic, but also implementing management plans to 
reduce tick populations and subsequently the presence of the pathogen, we may be able to reduce 
its prevalence in human populations. 
My dissertation research focused on the relationships between habitat, blacklegged ticks, 
host species, and B. burgdorferi building from the context of the trophic cascade developed 
through my master’s research (Fig. 5). The findings of this work aim for long-term solutions to 
ecological issues involving the aforementioned roles of habitat and hosts in Lyme disease 
ecology. In order to ascertain this research goal, I examined the relationship between Japanese 
barberry and blacklegged ticks (Chapter 2; Williams et al. 2017), the indirect effects of Japanese 
barberry on B. burgdorferi via white-footed mice as host species (Chapter 3), and the effects of 
host species diversity and abundance on B. burgdorferi via the dilution effect (Chapter 4; Linske 
et al. In Press). The culmination of my doctoral research will hopefully provide a useful addition 
or addendum to the expanding depiction of Lyme disease ecology. Hopefully this expansion will 
inform management decisions that will reduce the public health risk caused by blacklegged ticks 
and B. burgdorferi in Connecticut.
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CHAPTER 2: LONG-TERM EFFECTS OF BERBERIS THUNBERGII (RANUNCULALES: BERBERIDACEAE) 
MANAGEMENT ON IXODES SCAPULARIS (ACARI: IXODIDAE) ABUNDANCE AND BORRELIA 
BURGDORFERI (SPIROCHAETALES: SPIROCHAETACEAE) PREVALENCE IN CONNECTICUT, USA1 
 
ABSTRACT 
 
Japanese barberry (Berberis thunbergii de Candolle; Ranunculales: Berberidaceae) is an 
exotic invasive shrub that escaped cultivation in the United States and is now permanently 
established in many eastern and midwestern states. This study examined the long-term impacts 
of Japanese barberry management on blacklegged tick (Ixodes scapularis Say; Acari: Ixodidae) 
abundances and associated prevalence of Borrelia burgdorferi (Johnson, Schmid, Hyde, 
Steigerwalt, and Brenner; Spirochaetales: Spirochaetaceae), the etiologic agent of Lyme disease. 
At six locations across Connecticut, adult I. scapularis were sampled for up to 10 yr. At each 
location, we sampled an area where barberry infestations were unmanipulated, adjacent areas 
where barberry was virtually nonexistent, and areas where barberry was managed utilizing a 
variety of techniques. Barberry management reduced B. burgdorferi-infected adult I. scapularis 
abundances over 6 yr to statistically indifferent from that of no barberry areas (P = 0.175). And 
yet even though they were less, managed values were also statistically indifferent from that of 
intact barberry stands (P = 0.062). Intact and no barberry area abundances were significantly 
different (P = 0.175). Over 9 yr, infected adult I. scapularis abundances in managed barberry 
remained lower but not significantly different than intact barberry stands (P = 0.085), but 
                                                          
1 A version of this chapter was published September 26, 2017 as: Scott C Williams, Megan A Linske, and Jeffrey S 
Ward. 2017. Long-Term Effects of Berberis thunbergii (Ranunculales: Berberidaceae) Management on Ixodes 
scapularis (Acari: Ixodidae) Abundance and Borrelia burgdorferi (Spirochaetales: Spirochaetaceae) Prevalence in 
Connecticut, USA, Environmental Entomology, 46, https://doi.org/10.1093/ee/nvx146. 
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increased to be significantly greater than no barberry areas (P = 0.016) as cover increased over 
time. Longer-term data further document that Japanese barberry infestations are favorable habitat 
for I. scapularis. Control of Japanese barberry and other invasives should be at least on a 5-yr 
rotation to maintain low levels of invasive cover and eliminate humidity refugia to expose 
juvenile I. scapularis to more hostile environmental conditions in the interest of public health. 
INTRODUCTION 
 
Japanese barberry (Berberis thunbergii) is a highly invasive, ornamental plant species. It 
was originally introduced to replace the common barberry (Berberis vulgaris) that was 
susceptible to the black stem grain rust (Thompson and Robbins 1926, Silander and Klepeis 
1999b, Weber 2003). Upon introduction, the exotic plant began to overwhelm the New England 
woodland landscape. It is now considered invasive in 34 states and 5 Canadian provinces 
(USDA, NRCS 2014). The invasive properties of this particular species not only negatively 
impact the native shrub layer in woodland habitats, but also creates a microclimate suitable for 
the vector for Lyme disease, the blacklegged tick (Ixodes scapularis) (Williams and Ward 2010).  
Japanese barberry grows in an umbrella shaped pattern. This formation in addition to its 
ability to grow quickly in dense thickets (Kourtev et al. 1998, Ehrenfeld 1999), creates an 
optimal microclimate for questing ticks. The growth pattern maintains a humidity level and 
approximate temperature that allows ticks to quest for longer durations of the day (Williams and 
Ward 2010). Additionally, the dense nature of its growth also provides more surface area for 
questing ticks to attach to passing hosts, such as white footed mice (Peromyscus leucopus) and 
white tailed deer (Odocoileus virginianus) (Elias et al. 2006, Stafford 2007). Both Maine and 
Connecticut have chronicled increased densities of blacklegged ticks in areas where Japanese 
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barberry is present (Lubelczyk et al. 2004, Elias et al. 2006, Williams et al. 2009, Williams and 
Ward 2010). The presence of Japanese barberry is therefore altering the composition of our 
woodlands as well as providing more suitable habitats for blacklegged ticks. Although the 
connection is becoming increasingly apparent between Japanese barberry and increased tick 
populations, there is a need for research to be conducted on management of barberry to reduce its 
presence and subsequent tick populations.  
The correlation between barberry and increased presence of blacklegged ticks poses a 
significant public health risk. Blacklegged ticks are the primary vector for tick borne illnesses 
such as human babesiosis, human granulocytic anaplasmosis, and, most notably, Lyme disease, 
caused by the pathogen Borrelia burgdorferi (Dahlgren et al. 2011, Diuk-Wasser et al. 2014, 
Hersh et al. 2014). When humans contract these diseases, they can manifest signs and symptoms 
such as fever, aching joints, skin rashes, fatigue, and migraines (Steere et al. 1983a, Steere et al. 
1983b, Sanchez 2015). If left undiagnosed for an extended period of time, the disease can even 
become life threatening. The nymph and adult life stages of ticks can transmit the pathogen B. 
burgdorferi through their second and/or third blood meal, respectively (Stafford 2007). Current 
studies have attempted to gather more information on the ecology of the disease, but there is still 
a need for more evidence as to the effect both abiotic and biotic factors have on the density and 
distribution of blacklegged ticks and Lyme disease. Japanese barberry is one such factor that can 
be addressed through management.  
In this study, the effects of Japanese barberry on blacklegged tick abundances and the 
associated prevalence of B. burgdorferi will be quantified. We will determine if there is a 
significant difference in percent cover in Japanese barberry ten years after an initial management. 
From that information, we will also ascertain if blacklegged tick populations are greater in areas 
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where Japanese barberry stands are intact compared to those where is has been controlled or is 
not naturally occurring. Finally, we will conclude if the presence of Japanese barberry and the 
anticipated increase in blacklegged tick populations resulting in a greater presence of B. 
burgdorferi compared to the other treatments.  
This study is novel in its management properties. There has not been a ten year study 
conducted on the effects of Japanese barberry removal. Therefore, we hope that the findings of 
this study will result in a more comprehensive understanding of the relationship between 
invasive plant species such as Japanese barberry and Lyme disease prevalence over a long period 
of time. The culmination of this research can potentially provide one management solution to 
address the disease ecology of Lyme as we discover temporal relationships and trends between 
habitat and vector.  
MATERIALS AND METHODS 
 
STUDY AREAS  
 
In 2007, three replicate study sites were established in geographically spaced areas 
throughout Connecticut. The first was located in south-central Connecticut on South Central 
Connecticut Regional Water Authority property in North Branford (Tommy Path). The second 
property was located in western Connecticut on Aquarion Water company land in Redding 
(Egypt). The third property was located in the northeastern corner of Connecticut at the 
University of Connecticut in Storrs (Storrs).  
In 2008, two additional sites were added to the study. These sites were replicates of those 
selected in North Branford and Redding (Tommy Top and Greenbush, respectively). In 2011, the 
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final site was added in Lyme, Connecticut (Lord Cove). All study areas had remnant stone walls 
running throughout and were once agricultural fields or pastures.  
PLOT DESIGN AND JAPANESE BARBERRY CONTROL 
 
Three treatment plots were established at each site. Plots included an intact barberry stand 
(full barberry), an area where barberry was managed (controlled barberry), and an area where 
barberry was absent (no barberry). No barberry plots were located in the immediate vicinity of 
the other two treatment plots in an area where barberry was naturally minimal or absent. 
Controlled barberry stands were managed using a combination of wood shredder and brushsaw, 
directed flame with a propane torch, and foliar application of glyphosate and triclopyr. A 
hydraulically driven rotary wood shredder (model # BH74FM, Bull Hog, Fecon Inc., Lebanon, 
OH) that was mounted on a compact track loader (model# T300 Bobcat, West Fargo, ND) was 
used for mechanical removal of barberry. Follow-up methods included directed flame with a 
100,000 BTW backpack propane torch (model # BP 223 C Weed Dragon, Flame Engineering, 
Inc., LaCrosse, KS) and foliar application of glyphosate and triclopyr. Combinations of methods 
were applied separately on sub-plots within treatment plots, but for the intent of this study the 
combinations were considered equivalent among plots and therefore considered a single 
“managed” plot. For more specific details pertaining to individual sub-plot treatments, refer to 
Ward et al. (2009). 
Data collected for these sites were organized by treatment year rather than calendar year. 
The resulting data were consequently organized into three groups. The first being comprised of 
Egypt, Storrs, Tommy Path, Tommy Top, Lyme, and Greenbush, which consisted of 6 treatment 
years. The second group consisted of the aforesaid sites except for Lyme, with data collection 
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spanning 9 treatment years. Finally, group three entailed data collected from only Egypt, Tommy 
Path, and Storrs over ten treatment years. However, due to a disturbance at the Egypt plot, data 
collection was disrupted in year ten. The disturbance was caused by a salvage harvest conducted 
on the site to remove remaining white ash trees as a result of the emerald ash borer (Agrilus 
planipennis). Subsequently, year ten was omitted for all three sites as one was compromised and 
the remaining two did not constitute an adequate sample size for the purpose of this study. The 
remaining two groups consisting of 6 and 9-year data sets were analyzed for the impacts of the 
initial treatment on percent Japanese barberry cover, observed blacklegged tick densities, and 
infected blacklegged tick densities over time and within year. 
JAPANESE BARBERRY COVER ANALYSIS 
 
Within each plot for each location, Japanese barberry percent cover was estimated for at 
least 40 sample points. Each sample point was measured using a 25m2 sampling frame composed 
of a sixteen cell grid. For this study, cover at each sample point was determined by presence 
absence within each cell. This method, while biased to give a slightly higher estimate than 
traditional cover estimates, is reproducible and can be used in both dormant and growing 
seasons. To avoid pseudo-replication, estimated cover for each plot was then averaged for all 
sample points.  
The resulting percentages were then compared for all three treatments across both 6 and 
9-year groups. A two-way repeated measures analysis of variance (ANOVA) was conducted to 
determine significant differences. Two-way repeated measures ANOVA is a parametric test that 
assumes all treatment effects are normally distributed and variances are equal. The two factors 
considered in the two-way repeated measures ANOVA are treatment type and year from initial 
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barberry treatment.  Additionally, a within year comparison was conducted between treatment 
types using two-way ANOVA to determine statistically significant difference.  
For both analyses of across and within treatment years, if a significant difference was 
detected, Tukey HSD with p-value < 0.05 was employed as a multiple comparison test. Based on 
the output, letters were assigned for statistically different groups, indicating significantly greater 
or lesser density values, over the 6 and 9- year periods or within a given treatment year.   
TICK SAMPLING 
 
Adult blacklegged ticks were sampled at each location for all three treatment types. 
Standard flagging techniques were implemented to collect ticks from plots. Ticks were collected 
in early spring and late autumn (Stafford 2007). A 1m2 piece of white canvas duck cloth was 
attached to a wooden dowel and used to flag vegetation or forest floor over linear transects 
totaling 200m in each plot for all sites except Green Bush and Tommy Top. In these two 
locations, linear transects totaled 400m. Flags were checked every 15-20m for attached ticks. 
Collected ticks were transported to a laboratory in labeled vials and stored in a hydrator, 
incubated at 10 degrees C until processed at a later date. Sampled blacklegged tick densities 
(ticks/hectare) were calculated for each plot within each location per year for comparative 
analysis.  
TICK DENSITY ANALYSIS 
 
The effect of treatment over time on blacklegged tick densities was calculated using two-
way repeated measures ANOVA. Two-way repeated measures ANOVA was selected for this 
study for the intent of this research was to see the effects a single experimental treatment would 
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have on blacklegged ticks over time. The two factors considered in the two-way repeated 
measures ANOVA are treatment type and year from initial barberry treatment.   
A multiple comparison test was conducted when significant differences between 
treatment types over the ten year period as well as within treatment year were detected. Tukey 
HSD test with a p-value < 0.05 was selected to distinguish significant differences. Letters were 
assigned for statistically different groups, indicating greater or lesser density values over the ten 
year period, or within a given treatment year.   
INDIRECT FLUORESCENT ANTIBODY (IFA) STAINING METHODS 
 
All ticks collected in flagging were retained to test for the presence of B. burgdorferi 
spirochetes. Gathered ticks’ midguts were dissected under a stereo microscope and contents were 
smeared on 12 well glass microscope slides (# 30-103HTC, Thermo Fisher Scientific, 
Portsmouth, NH). B. burgdorferi spirochetes were identified in midgut contents by using indirect 
fluorescent antibody (IFA) staining methods with monoclonal antibody H5332, which is specific 
for outer surface protein A of B. burgdorferi (Magnarelli et al. 1994). Fluorescein 
isothiocyanate-conjugated goat anti-mouse immunoglobulins (KPL, Inc., Gaithersburg, MD) 
were diluted 1:40 in phosphate-buffered saline solution and used as the second antibody. 
Procedural details followed established protocols (Anderson et al. 1991, Magnarelli et al. 1994, 
Magnarelli et al. 1997). 
In order to assess relative risk to public health, the estimated density of B. burgdorferi-
infected ticks/ha was determined for each of the three treatments by taking the product of 
infection prevalence (%) and relative tick density for each sampling interval.  
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INFECTED TICK DENSITY ANALYSIS 
Similarly to observed adult blacklegged tick density analysis, infected tick density values 
were compared between treatment types both over the ten year period and within treatment years 
using two-way repeated measures ANOVA. Once again, the effects of two factors were for 
treatment and year from initial barberry treatment.  
If a statistically significant difference was detected, a Tukey HSD test with a p-value < 
0.05 was utilized for multiple comparisons. Based on significance and infected tick density 
values, letters were assigned to indicate statistically different treatment groups over the 6 and 9-
year periods as well as within treatment years.    
RESULTS 
 
JAPANESE BARBERRY COVER ANALYSIS 
 
The data collected for percent cover Japanese barberry were not normally distributed for 
all three treatments types. Because there is not a nonparametric equivalent to a two-way repeated 
measures ANOVA, resulting treatment effect data had to be transformed because the normal 
distribution assumption was violated.  As a result, the data were transformed using a square root 
transformation on available data for both 6 and 9-year groups.  
For the two-way repeated measures ANOVA on the 6-year group, both the Shapiro-Wilk 
Normality test (P = 0.345) and Brown-Forsythe Equal Variance test (P = 0.968) were passed. A 
significant difference was detected between treatments (F2, 50 = 119.70, P < 0.001). No 
significant treatment was detected between treatment year (F5, 50 =  0.918, P = 0.485) or the 
interaction between treatment year and treatment type (F10, 50 = 1.552, P = 0.149). The 6-year 
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group data two-way repeated measures ANOVA indicated that there was a significant difference 
between full barberry and both controlled (P <0.001) and no barberry (P < 0.001). However, 
there was no significant difference detected between controlled barberry and no barberry (P = 
0.893) across the 6-year period.  The Tukey HSD multiple comparison test was utilized to further 
explore differences in treatment type within treatment year. In Figure 1 below, letter assignment 
indicates differences in transformed percent cover values within treatment year.  
 
Figure 1. Comparison of square root transformed percent Japanese barberry cover over 9-years 
with within year comparisons. Letter assignments indicated significant differences in 
transformed barberry percent cover within treatment year with p-value < 0.05. 
Both the Shapiro-Wilk Normality test (P = 0.736) and the Brown-Forsythe Equal 
variance test (P = 0.244) were passed for the 9-year percent barberry cover group. The two-way 
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repeated measure ANOVA indicated that there was no significant difference between treatment 
years (F8, 64 = 1.369, P = 0.247), but there was a significant difference detected for both 
treatment type (F2, 64 = 116.868, P <0.001) and the interaction between treatment year and 
treatment type (F16, 64 = 2.673, P =0.003). 9-year transformed percent cover for full barberry was 
significantly greater than no barberry (P < 0.001) and controlled barberry (P < 0.001). Controlled 
barberry and no barberry were statistically similar (P = 0.115). Table 1 shows the significant 
differences with treatment year and treatment type interaction. While there are no detectable 
variation for full barberry or no barberry across the 9-year period, there were significant 
differences detected for controlled barberry for year 7 and 9. Years 1 through 6 were statistically 
similar, whereas year 7 was significantly different compared to years 1 (P = 0.003), 2 (P = 
0.020), and 3 (P = 0.023). Year 9 was also significantly difference from year 1 (P = 0.021).  
Table 1. Square root transformed (* 100) mean percent barberry cover values. Values with the 
same letter are not significantly different within each column. 
Treatment 
Year 
Full 
Barberry 
Controlled 
Barberry 
No 
Barberry 
1 62.8 (A) 12.4 (A) 13.2 (A) 
2 69.5 (A) 15.2 (AB) 11.6 (A) 
3 70.2 (A) 15.4 (AB) 11.9 (A) 
4 72.2 (A) 17.7 (ABC) 13.3 (A) 
5 66.9 (A) 19.7 (ABC) 10.9 (A) 
6 68.0 (A) 19.8 (ABC) 12.7 (A) 
7 71.4 (A) 31.1 (C) 15.3 (A) 
8 74.1 (A) 24.2 (ABC) 6.4 (A) 
9 67.7 (A) 28.3 (BC) 4.4 (A) 
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TICK DENSITY ANALYSIS 
 
The data collected for blacklegged tick densities were also heavily skewed. The 
distribution of the data set was positively skewed with the mean value to the right of the peak 
value, and therefore was not normally distributed. Consequently, blacklegged tick density values 
were transformed using natural logarithm function of x + 1, or ln(x+1), where x equates to 
blacklegged tick density. 
Two-way repeated measures ANOVA on transformed blacklegged tick densities for the 
6-year group passed both Shapiro-Wilk Normality (P = 0.115) and Brown-Forsythe’s Equal 
Variance (P = 0.150) tests. The two-way repeated measures ANOVA detected a significant 
difference in tick densities between Japanese barberry treatments (F2, 50 = 13.533, P < 0.001), but 
no difference was detected between treatment years (F5,50 = 1.611, P = 0.194) or the interaction 
between treatment year and treatment type (F10,50 = 1.331, P = 0.240) for the 6-year data set. 
Tukey HSD multiple comparison test indicated that full barberry stands had significantly greater 
observed blacklegged tick densities than both controlled barberry (P = 0.043) and no barberry (P 
= 0.001) stands over the 6-year period. Controlled barberry tick densities were not significantly 
different compared to absent barberry areas (P = 0.093). 
Transformed tick density values for the 9-year group passed both the Shapiro-Wilk 
Normality test (P = 0.491) and the Brown-Forsythe Equal Variance test (P = 0.165) for the two-
way repeated measures ANOVA. There was no significant difference detected for treatment year 
(F8, 64 = 1.542, P = 0.182) or the interaction between treatment year and treatment type (F16, 64 + 
0.975, P == 0.493). However, there was a significant difference detected for treatment type (F2, 
64 = 16.153, P = 0.002). Between treatment types there was no significant difference between full 
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barberry and controlled barberry (P = 0.359). There was a significant difference between no 
barberry and both full barberry (P = 0.001) and controlled barberry (P = 0.037). Figure 2 shows 
the variations in addition to a within year comparison of transformed tick densities over the 9-
year treatment period. Letter assignment was used to indicate significant differences within year.  
  
 
Figure 2. Comparison of natural logarithm transformed blacklegged tick densities over 9-years 
with within year comparisons. Letter assignments indicated significant differences in 
transformed tick densities within treatment year p-value < 0.05.  
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PREVALENCE OF B. BURGDORFERI-INFECTED TICKS.  
 
Similarly to the blacklegged tick density data, infected tick densities were positively 
skewed. The data were also transformed using ln(x+1), with the value of x equating to density of 
infected blacklegged ticks. Once the 6-year data set was transformed, the data passed both the 
Shapiro-Wilk Normality (P = 0.141) and the Brown-Forsythe Equal Variance (P = 0.929) tests.  
The two-way repeated measures ANOVA on transformed, infected blacklegged tick densities 
indicated that there is a significant difference between treatment types (F2,50 = 10.468, P = 
0.004), but no significant differences between treatment year (F5, 50 = 0.464, P = 0.799) or the 
interactions between treatment year and treatment type (F10, 50 = 1.202, P = 0.312). Within 
treatment type, full barberry and no barberry were significantly different (P = 0.003). 
Conversely, controlled barberry was statistically similar to both full barberry (P = 0.062) and no 
barberry (P = 0.175).  
For 9-year transformed infected tick density analysis, the data passed both the Shapiro-
Wilk Normality test (P = 0.729) and the Brown-Forsythe Equal Variance test (P = 0.411). There 
was no significant difference in treatment years (F8, 64 = 1.406, P = 0.232) or the interaction 
between treatment year and treatment type (F16, 64 = 1.587, P = 0.099). There was a significant 
difference detected for treatment type (F2, 64 = 19.090, P <0.001). Transformed infected tick 
densities were not significantly different between full barberry and controlled barberry (P = 
0.085) and between controlled barberry and no barberry (P = 0.016). However, no barberry had 
significantly fewer ticks compared to full barberry (P < 0.001). Figure 3 shows the product of the 
two-way repeated measures ANOVA over nine years with multiple comparisons within 
treatment year.  
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Figure 3. Comparison of natural logarithm transformed Borrelia burgdorferi-infected 
blacklegged tick densities over 9-years with within year comparisons. Letter assignments 
indicated significant differences in transformed infected tick densities within treatment year for 
p-value < 0.05. 
DISCUSSION 
 
Over the past several decades, white-tailed deer have become overpopulated throughout 
most of the northeastern United States (DeNicola 1996, DeNicola et al. 1997, Stromayer and 
Warren 1997, Williams et al. 2013) with density estimates surpassing desirable and sustainable 
densities of 5 deer per km2 (deCalesta and Stout 1997).  Preferential over-browsing at high 
densities severely alters forest understory vegetation diversity. Due to selective browsing by 
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overabundant deer, prevalence of palatable native plant species is reduced resulting in invasive 
plants being released from competition. Inhibited competition in addition to their unpalatability, 
can allow recalcitrant, invasive shrubs such as Japanese barberry to establish and overtake the 
forest understory (Ward et al. 2017). The resulting decline in vegetative species richness is in 
part caused by the invasion of exotic barberry and a cohort of other invasive plants such as 
Oriental bittersweet (Celastrus orbiculatus), multiflora rose (Rosa multiflora), and Japanese 
honeysuckle (Lonicera japonica). However, Japanese barberry is often the predominant invasive 
species, creating dense thickets that are distributed not only through seed dispersal but through 
layering as well (Ehrenfeld 1997;1999, Silander and Klepeis 1999a, Harrington et al. 2004, 
D'Appollonio 2006). The negative impacts of this non-native introduction and invasion are not 
only pertinent to the health of the forest, but to the health of the public as well. 
Our resulting data analysis indicates that there is a direct connection between Japanese 
barberry presence and blacklegged tick abundances and to a lesser extent, infectivity with B. 
burgdorferi. Tick-borne diseases are further propagated when optimal conditions are present. 
These conditions pertain to the accessibility of suitable habitat (Lubelczyk et al. 2004, Elias et al. 
2006, Civitello et al. 2008), ideal climatic conditions (Bertrand and Wilson 1996, Randolph and 
Storey 1999, Randolph 2004, Williams et al. 2009, Williams and Ward 2010), and availability of 
host species (Barbour and Fish 1993, Floyd 2014). When such conditions converge, tick-borne 
diseases may become more prevalent as a result of increased tick abundance and higher 
infectivity. Plant invasions such as Japanese barberry may facilitate an increase in blacklegged 
tick habitat quality, thereby indirectly increasing the risk to public health. 
In this study, the convergence of habitat, climatic conditions induced by barberry, and 
presence of vector populations allowed B. burgdorferi to emerge and persist. With the initial 
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management of Japanese barberry in year one, a significant decline occurred in blacklegged tick 
densities and associated B. burgdorferi infection. A gradient of impacts can be seen in Figures 1 
through 3 as percent cover of Japanese barberry sharply declined after initial treatment causing 
significant impacts to blacklegged tick abundance. Percent cover was significantly reduced and 
maintained at values comparable to no barberry stands until year 6 in areas where Japanese 
barberry was managed (Figure 1). After year 6, percent cover began to rebound and approach 
values statistically similar to full barberry stands. A similar trend occurred with blacklegged tick 
densities, but with a slight lag effect as the result of the tick life cycle. 
The initial barberry treatment had an immediate effect on barberry percent cover (Figure 
1) but had a delayed impact on blacklegged tick abundance due to their two-year life cycle. As 
controlled barberry tick densities approached no barberry values, they did not become 
significantly lower than full barberry values until year 4 (Figure 2). Controlled barberry tick 
densities remained significantly lower than full barberry until year 6, but become greater than no 
barberry densities. The trend was caused by the lag period between tick life cycle and barberry 
removal. 
In the first year of treatment, the same population of ticks remained present in controlled 
barberry plots. Due to the elimination of habitat, two factors impeding survival were impacted 
for the controlled barberry tick populations: 1) the ideal microclimate provided by barberry was 
removed and 2) the reduction of questing habitat and microclimate reduced the probability of 
attaching to a host for a blood meal (Bertrand and Wilson 1996, Randolph and Storey 1999, 
Williams et al. 2009, Diuk‐Wasser et al. 2010, Williams and Ward 2010). A reduction in 
barberry ultimately results in a reduction in survival for all stages of blacklegged ticks, 
particularly the juvenile stages which are more prone to desiccation-induced mortality than 
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adults, resulting in fewer egg masses. In this manner, the next life cycle of ticks is disrupted, so 
with fewer eggs comes fewer larvae, fewer nymphs, and fewer adults in subsequent years 
(Bertrand and Wilson 1996, Stafford 2007). The two-year life cycle of blacklegged ticks causes a 
lag in total tick reduction in treated barberry stands after percent cover declines due to the 
seasonality and life stage of the ticks present at the first treatment. 
Nonetheless, akin to the percent cover in Japanese barberry, tick densities in controlled 
barberry stands began to recover to full barberry densities between year 5 and 6. Infected tick 
densities, as seen in Figure 3, also recovered at a similar time. It is important to note that 
controlled barberry infected tick densities approached no barberry values but did not become 
significantly different from full barberry. This may indicate that the habitat quality is being 
degraded for blacklegged tick survival, but treatment does not directly impact the pathogen itself. 
This may be due to the fact that while treatment significantly reduces tick densities, it does not 
necessarily alter the availability of competent reservoirs, specifically white-footed mice  (Floyd 
2014). 
Based on the results of this study, a management strategy can be developed to reduce 
Japanese barberry cover and associated tick densities. The initial single treatment of Japanese 
barberry have a lasting effect, but it appears that effect lasted until the 6th year post-treatment. 
This conclusion is further supported by the fact that both tick densities and infected tick densities 
begin to resume comparable values to that of the full barberry stands around year 6 as well. With 
this information in mind, a follow-up barberry treatment in year 5 would be recommended. This 
management strategy will keep barberry cover, as well as tick abundance, suppressed and 
hopefully continue to further drive both downward before the year 6 increase occurs. 
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The 9-year study period allowed a unique opportunity to observe the long-term trends of 
percent barberry cover, blacklegged tick densities, and infected blacklegged tick densities post-
treatment. By observing the gradient of effects and time of recovery, a management strategy can 
be developed to provide lasting effects on Japanese barberry as well as the tick populations that 
inhabit stands. Consequently, treatment of invasive plants can have longstanding effects that 
benefit both the health of the forest and the public as well. 
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CHAPTER 3: INDIRECT EFFECTS OF JAPANESE BARBERRY INFESTATIONS ON BORRELIA 
BURGDORFERI INFECTION IN PEROMYSCUS LEUCOPUS2 
 
ABSTRACT 
 
Japanese barberry (Berberis thunbergii) is an invasive, exotic shrub that has invaded 
much of the woodland understory in the northeastern United States. It creates dense thickets that 
provides ideal structure and microclimate for questing blacklegged ticks (Ixodes scapularis). 
While there have been several studies on the beneficial habitat barberry provides blacklegged 
ticks, little has been studied on the relationship between barberry, pathogen vectors (ticks), and 
pathogen reservoirs (white-footed mice; Peromyscus leucopus), specifically the influence 
Japanese barberry has on the abundance of blacklegged ticks and infection with Borrelia 
burgdorferi in mice. Observed impacts of Japanese barberry treatment were studied over the 
course of six years to determine influence on encounter abundance with white-footed mice, 
encounter abundance with B. burgdorferi-infected mice, and juvenile blacklegged ticks feeding 
on mice. Results from this study indicated that while both white-footed mouse and B. 
burgdorferi-infected mouse encounters remained similar between barberry treatment areas, 
juvenile tick attachment to mice was significantly greater in intact barberry stands (?̅? = 4.4 
ticks/mouse +/- 0.23 SEM) compared to where barberry was managed (?̅? = 2.8 +/- 0.17; P < 
0.001) or absent (?̅? = 2.2 +/- 0.16; P < 0.001). Results of this study indicated that management of 
barberry stands reduced opportunity for contact between blacklegged ticks and white-footed 
                                                          
2 This chapter is in progress for consideration for publication as: Megan A. Linske, Scott C Williams, Jeffrey S 
Ward, and Kirby C. Stafford III. 2017. Indirect Effects of Japanese Barberry Infestations on Borrelia burgdorferi 
Infection in Peromyscus leucopus. 
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mice. Continued efforts to manage Japanese barberry will not only allow for reestablishment of 
native plant species, but will also reduce the number of B. burgdorferi-infected blacklegged ticks 
on the landscape. 
INTRODUCTION 
 
Borrelia burgdorferi, the etiological agent of Lyme disease, has a wide range of reservoir 
hosts that can include, but are not limited to, various species of birds (Anderson et al. 1986, 
Townsend et al. 2003), mammals (Anderson and Magnarelli 1984, Donahue et al. 1987), and 
reptiles (Salkeld and Lane 2010, Swei et al. 2011). In the northeastern United States, the main 
vector for this pathogen is blacklegged ticks (Ixodes scapularis) which are passive, obligate, 
ectoparasites that require three bloodmeals to successfully complete their life cycle. During these 
feedings, all stages of blacklegged ticks have the potential to ingest various pathogens from 
reservoir hosts, nymphs and adults then have the potential to transmit pathogens to uninfected 
hosts, including humans, during their second and/or third bloodmeal, respectively (Stafford 
2007). However, hosts have varying degrees of reservoir competency; not all hosts are capable of 
pathogen transmission to ticks (Donahue et al. 1987, Telford et al. 1988, Hersh et al. 2012). 
Competent reservoirs are those that can not only contract pathogens from infected vectors, but 
can also transfer pathogens to uninfected vectors. Conversely, incompetent reservoir hosts can 
contract pathogens, but have limited capacity to further transmit them to other vectors. White-
tailed deer (Odocoileus virginianus) are a common example of incompetent reservoir hosts 
(Telford et al. 1988), while white-footed mice (Peromyscus leucopus) are a notorious and highly-
competent reservoir host for numerous pathogens including B. burgdorferi (Donahue et al. 1987, 
Stafford et al. 1999, Magnarelli et al. 2013, Stafford et al. 2014). White-footed mice are of 
particular importance in Lyme disease ecology as they are an abundant, small-bodied host for 
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juvenile blacklegged ticks. The potential to infect a large proportion of localized tick populations 
exists due to their competency in conjunction with their increased availability for questing 
juvenile ticks. 
White-footed mice have a proclivity for woodland habitats. Range of this species 
includes Mexico and the contiguous United States east of the Rocky Mountains except for parts 
of the Southeast (Hoffmeister 1989, Barko et al. 2003). Previous reports have indicated that 
Peromyscus are herbivores that exhibit “habitat generality” meaning they can occupy a broad 
array of habitat types and sizes (Batzli 1977, Adler et al. 1984, Adler and Wilson 1987). Suitable 
habitat types can range from residential, fragmented tracts to larger, undisturbed woodland 
landscapes. The white-footed mouse has the ability to colonize and adapt to environmental 
fluctuations allows this species to occupy mixed habitats and readily establish high population 
densities when conditions are favorable (MacArthur and Wilson 2015). Additionally, white-
footed mice can have high spatial and temporal variability in population size further supporting 
the concept that they do not have a particular demography affixed to certain habitat traits (Adler 
and Wilson 1987). Previous studies indicated that fragmented patches with increased edge 
habitats, such as in urban areas, have the potential for higher population densities (Nupp and 
Swihart 1996, Wolf and Batzli 2002, Barko et al. 2003). Conversely, larger patches have been 
reported to be occupied by fewer mice in the edges with greater densities of mice in the interior 
part of the patch (Anderson et al. 2003). In addition to patch size, the landscape dynamics 
involved in dispersion by generalist species are often due to the capacity of the species to 
immigrate and emigrate from those patches as well as the vegetation structure and complexity. 
Connecticut’s forests no longer contain the same level of stand diversity they once had 
historically (Dickson and McAfee 1988, Butler 2016). Due to the overly-mature forest stand 
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structure, the majority of the woodland understory is deprived of sunlight and lacks the necessary 
vegetative diversity to attract or support abundant and diverse wildlife species (Linske et al. In 
Press). Moreover, the landscape has been further modified through compounding effects of 
excessive herbivory by overabundant white-tailed deer (Webb et al. 1956, Tierson et al. 1966, 
McShea et al. 1997, Horsley et al. 2003) and the aggressive growth of exotic invasives such as 
Japanese barberry (Berberis thunbergii), multiflora rose (Rosa multiflora), and honeysuckle 
(Lonicera spp.) (Cipollini et al. 2009, Eschtruth and Battles 2009, Relva et al. 2010, Duguay and 
Farfaras 2011, Ward et al. 2017). Japanese barberry is of particular concern due to its 
morphology, which significantly alters forest understory composition and may subsequently 
increase white-footed mouse populations, which can have serious tick-borne pathogen 
ramifications. 
Japanese barberry is a highly invasive, non-native ornamental plant species (Thompson 
and Robbins 1926, Silander and Klepeis 1999, Weber 2003). Shortly after its introduction to the 
northeastern United States in the late 1800s, Japanese barberry began to spread across the New 
England landscape and beyond, and is now documented in 32 states and 6 Canadian provinces 
(USDA, NRCS 2017) thereby warranting its management. Previous studies determined that 
management of Japanese barberry was effective one year (Ward et al. 2009), two years 
(Williams et al. 2009), seven years (Ward et al. 2016), and even up to ten years (Williams et al. 
2017) after initial treatment efforts. In sites where Japanese barberry was managed, cover was 
reduced to levels comparable to plots where barberry was naturally absent. Additionally, adult 
blacklegged tick abundances were significantly higher in intact Japanese barberry stands 
compared to managed stands or where it was absent (Williams et al. 2009, Willams and Ward 
2010, Williams et al. 2017). While percent infection of adult ticks with B. burgdorferi was 
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comparable between treatment types, intact barberry stands had significantly higher abundances 
of infected ticks overall (Williams et al. 2017). 
Japanese barberry’s unique umbrella-shaped growth pattern in conjunction with its ability 
to grow in dense thickets (Kourtev et al. 1998, Ehrenfeld 1999) creates an optimal microclimate 
for ticks. The growth pattern maintains humidity levels that permit ticks to quest for hosts for 
longer durations of the day without having to retreat under the leaf litter to evade desiccation 
(Williams and Ward 2010). Additionally, the dense nature of its growth provides more surface 
area for questing ticks to attach to passing hosts, such as white-footed mice (Elias et al. 2006, 
Stafford 2007). While the positive correlation between Japanese barberry and tick abundances is 
clear, we sought to further investigate the underlying causal mechanism for the increased 
abundance of B. burgdorferi-infected blacklegged ticks in Japanese barberry infestations. This 
study was implemented to determine if there were additional interactions occurring between 
hosts and vectors within barberry stands which may have caused increased tick abundances. 
Three main objectives were identified in order to determine the causal mechanism for 
increased tick densities with comparable percent B. burgdorferi infection in intact Japanese 
barberry stands compared to sites that were managed or where it was absent. The first objective 
was to determine if there were significant differences in white-footed mouse abundances 
between treatments. The second was to examine differences in the abundance of feeding juvenile 
ticks on captured mice between treatments. The final objective was to determine if B. 
burgdorferi infection prevalence in white-footed mice differed between treatments. The overall 
intent of the study was to determine whether white-footed mice are the causal link between the 
increased prevalence of both blacklegged ticks and B. burgdorferi-infected blacklegged ticks in 
Japanese barberry stands and how its management may affect that ecological dynamic. 
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MATERIALS AND METHODS 
 
STUDY AREAS  
 
In 2011, six replicate study sites were established in geographically distinct locations 
throughout Connecticut. Two were located in south-central Connecticut on South Central 
Connecticut Regional Water Authority property in North Branford (Tommy Path and Tommy 
Top) and two were located in western Connecticut on Centennial Watershed State Forest land in 
Redding (Egypt and Greenbush). The fifth property was located in the northeastern corner of 
Connecticut at the University of Connecticut in Storrs (Storrs). And the final site was in 
southeastern Connecticut in Lyme (Lord Cove). All study areas had remnant stone walls running 
throughout and were once agricultural fields or pastures. For more details on forest stand 
compositions at the different study areas, see Williams et al. (2017). 
PLOT DESIGN AND JAPANESE BARBERRY CONTROL 
 
This study was a part of a larger Japanese barberry control project (see Ward et al. 2009) 
in which three treatment plots were established at each site. Plots included an intact barberry 
stand (full barberry), an area where barberry was managed (controlled barberry), and an area 
where barberry was absent (no barberry). No barberry plots were located in the immediate 
vicinity of the other two treatment plots in an area where barberry was naturally minimal or 
absent. Controlled barberry stands were managed using a combination of treatments in a two-
step process. A hydraulically driven rotary wood shredder (model # BH74FM, Bull Hog, Fecon 
Inc., Lebanon, OH, USA) mounted on a compact track loader (model# T300 Bobcat, West 
Fargo, ND, USA) was used for initial mechanical removal of barberry. Follow-up methods 
included directed flame with a 100,000 BTW backpack propane torch (model # BP 223 C Weed 
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Dragon, Flame Engineering, Inc., LaCrosse, KS, USA) and foliar application of glyphosate or 
triclopyr. Combinations of methods were applied separately on sub-plots within treatment plots, 
but for the intent of this study, the combinations were considered equivalent among plots and 
therefore, considered a single “managed” plot. For more specific details pertaining to individual 
sub-plot treatments, refer to Ward et al. (2009). 
Japanese barberry management efforts were initiated at Egypt, Tommy Path, and Storrs 
in 2007, Greenbush and Tommy Top in 2008, and in Lord Cove in 2011.  Due to variations in 
barberry management start times, varying levels of mouse trapping effort, and early substantial 
trap disturbance events by raccoons (Procyon lotor), we analyzed data for the most recent six 
years (2011-2016) for all six study sites contemporaneously. Data were analyzed for the impacts 
of the Japanese barberry treatment on encounter abundance with white-footed mice, the number 
of feeding juvenile blacklegged ticks/white-footed mouse encounter, and encounter abundance of 
white-footed mice infected with B. burgdorferi over time and within year. 
JAPANESE BARBERRY COVER ANALYSIS 
 
Within each plot at each location for each year, Japanese barberry percent cover was 
estimated at 40 sample points. Percent cover was determined at each point using a 0.25 m2 
sampling frame composed of a sixteen cell grid. Barberry cover was determined by the 
presence/absence of at least one live Japanese barberry stem within each cell. This method, while 
biased to give a slightly higher estimate than traditional cover estimates, is reproducible and can 
be used in both dormant and growing seasons. To avoid pseudo-replication, estimated cover for 
each plot was then averaged for all sample points. Resulting percentages were then compared for 
all three treatments types. 
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SMALL MAMMAL TRAPPING 
 
Live trapping was used to determine the impact of treatment type on encounter 
abundance with white-footed mice, the number of feeding juvenile blacklegged ticks/captured 
white-footed mouse, and to determine the percentage of white-footed mice infected with B. 
burgdorferi. White-footed mice were trapped using Sherman live traps (LFAHD folding trap, H. 
B. Sherman Traps, Inc., Tallahassee, FL, USA) annually from June – September 2011 to 2016. 
Twenty traps were set in permanently marked locations at 15-m spacing in each of the three 
treatment plots at each study site and baited with peanut butter. 
Captured white-footed mice were temporarily sedated using the inhalant anesthetic 
isofluorane (Piramal Critical Care, Inc., Bethlehem, PA, USA). White-footed mice were then 
fitted with a uniquely numbered ear tag (National Band and Tag Co., Newport, KY, USA), 
blood-sampled, and the number of feeding juvenile blacklegged ticks was recorded. Both the 
number of mouse captures and feeding juvenile blacklegged ticks per mouse were standardized 
per trap night for each location for each treatment type each year. Blood samples were 
transported from field sites to the laboratory with freezer packs in an insulated container and 
centrifuged to separate serum from whole blood. Both sera and whole blood were individually 
stored at -80° C for serological analysis at a later date. 
Sedated mice were allowed to recover from the effects of isofluorane and were released 
into the location from where they were originally captured. Mouse capture and handling 
protocols were approved by the Wildlife Division of the Connecticut Department of Energy and 
Environmental Protection (#819005), The Connecticut Agricultural Experiment Station’s 
Institutional Animal Care and Use Committee (IACUC; P18-13), and a reciprocal agreement 
with the University of Connecticut’s IACUC (R16-002) in accordance with the American 
 63 
 
Society of Mammologist’s guidelines for the use of wild animals in research (Sikes and Gannon 
2011). 
BORRELIA BURGDORFERI EXPOSURE IN WHITE-FOOTED MICE 
  
Antibody response to B. burgdorferi in mouse sera was determined using an enzyme-
linked immunosorbent assay (ELISA) whose methodology was previously described in 
Magnarelli et al. (1991, 1997, 2006). Positive cutoff values were derived from the mean plus 
three standard deviations of net absorbance values of sera from 13 B. burgdorferi-naïve 
laboratory-reared white-footed mice. Readings for mouse sera were deemed positive if net 
optical densities exceeded 0.18, 0.15, and 0.11 for the respective serum dilutions 1:160, 1:320, 
and > 1:640. These values were then standardized by determining the number of B. burgdorferi-
positive white-footed mice captured/trap night/treatment/location/year. 
DATA ANALYSES 
 
Shapiro-Wilk Normality and Brown-Forsythe Equal Variance tests were conducted on 
each data set. All variables were not normally distributed but were so after successful square root 
transformation. Transformed percent barberry cover data were subjected to a two-way (treatment 
type and year) repeated measures analysis of variance (ANOVA) to determine significant 
differences.  The effect of treatment over time on encounter abundance with white-footed mice, 
the number of feeding juvenile blacklegged ticks/white-footed mouse encounter, and encounter 
abundance of unique white-footed mice infected with B. burgdorferi were also analyzed using 
two-way (treatment type and year) repeated measures ANOVA.  Tukey HSD test was used as a 
multiple comparison test to determine differences between treatment types and year. 
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RESULTS 
 
JAPANESE BARBERRY COVER ANALYSIS 
 
Significant differences were detected in barberry cover between treatments (F2, 50 = 94.89, 
P < 0.001) and for the interaction between treatment and year (F10, 50 = 3.16, P = 0.003). No 
significant differences were detected between years (F5, 50 = 1.59, P = 0.20) (Fig. 1). 
 
Figure 1. Comparison of square root transformed percent Japanese barberry cover over 6 years 
and within year comparisons. Within each year, treatments with the same letter were not 
significantly different using Tukey HSD multiple comparison with p-value < 0.05. 
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For all six years, Japanese barberry cover was always significantly highest in full 
barberry; cover in no barberry and controlled barberry did not did differ from 2011-2014, but 
controlled barberry cover was significantly higher than no barberry areas in both 2015 and 2016. 
SMALL MAMMAL TRAPPING ANALYSIS 
 
Repeated measures ANOVA indicated that mouse encounter abundance was not 
significantly different between treatment types (F2, 50 = 0.72, P = 0.51) or the interaction between 
year and treatment type (F10, 50 = 2.00, P = 0.053). However, there was a significant difference 
between years (F5, 50 = 15.04, P < 0.001). The mean mouse encounter abundance for 2013 was 
significantly less than 2011 (P < 0.001), 2012 (P = 0.002), 2014 (P = 0.002), and 2016 (P < 
0.001). The mean mouse encounter abundance for 2015 was also significantly less than 2011 (P 
< 0.001) and 2016 (P = 0.001) (Fig. 2). 
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Figure 2. Comparison of square root transformed mouse encounter abundances over 6 years and 
within year comparisons.  Within each year, treatments with the same letter were not 
significantly different using Tukey HSD multiple comparison with p-value < 0.05. 
 
FEEDING JUVENILE TICKS/MOUSE 
 
Repeated measures ANOVA indicated feeding juvenile ticks/mouse were significantly 
different between treatment types (F2, 50 = 26.85, P < 0.001) and years (F5, 50 = 4.31, P < 0.01). 
However, there was not a significant difference in the interaction between year and treatment 
type (F10, 50 = 1.76, P = 0.09). Mean feeding juvenile ticks/mouse was significantly greater in full 
barberry stands (?̅? = 4.4 ticks/mouse +/- 0.23 SEM) compared to both no barberry (?̅? = 2.2 +/- 
0.16; P < 0.001) and controlled barberry stands (?̅? = 2.8 +/- 0.17; P < 0.001), whereas no 
barberry and controlled barberry were statistically indifferent (P = 0.38). Mean values were also 
significantly greater in 2013 compared to 2011 (P < 0.04) and 2016 (P = 0.04) (Fig 3.) 
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Figure 3. Comparison of square root transformed feeding juvenile ticks/mouse over 6 years with 
within year comparisons. Within each year, treatments with the same letter were not significantly 
different using Tukey HSD multiple comparison with p-value < 0.05. 
 
BORRELIA BURGDORFERI EXPOSURE IN WHITE-FOOTED MICE 
 
Repeated measures ANOVA indicated B. burgdorferi-infected mouse encounter 
abundance was not significantly different between treatment types (F2, 50 = 0.72, P = 0.51). 
However, there was a significant difference between years (F5, 50 = 11.77, P < 0.001) and the 
interaction between year and treatment type (F10, 50 = 2.03, P = 0.05). The mean infected mouse 
encounter abundance was significantly less in 2013 compared to 2011 (P < 0.001), 2012 (P < 
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0.03), 2014 (P < 0.01), and 2016 (P < 0.001). Likewise, 2015 values were less compared to 2011 
(P < 0.01) and 2016 (P < 0.01). Additionally, 2011 was significantly greater than 2012 (P = 
0.04) (Fig. 4). 
 
Figure 4. Comparison of square root transformed B. burgdorferi-infected mouse encounter 
abundances over 6 years with within year comparisons. Within each year, treatments with the 
same letter are not significantly different using Tukey HSD multiple comparison with p-value < 
0.05. 
 The total percent of encountered mice that were found infected with B. burgdorferi for 
each year based on treatment type were also reported. The percent was determined from the 
number of infected mouse encounters out of total mouse encounter abundance in each treatment 
type for each year (Table 1). 
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Table1. Total encounter abundance of white-footed mice infected with B. burgdorferi and 
percent of total mouse encounters by treatment type (CB = controlled barberry, FB = full 
barberry, NB = no barberry) within each year.  
Year Treatment 
Type 
Positive Mouse 
Encounters 
Percent Positive 
Encounters (%) 
2011 CB 158 88 
FB 138 81 
NB 117 72 
2012 CB 71 63 
FB 62 67 
NB 68 64 
2013 CB 27 77 
FB 14 74 
NB 18 72 
2014 CB 59 71 
FB 61 72 
NB 65 76 
2015 CB 34 72 
FB 38 83 
NB 40 74 
2016 CB 102 81 
FB 117 77 
NB 67 75 
 
DISCUSSION 
 
Our previous work documented a positive correlation between blacklegged tick 
abundances and Japanese barberry presence (Williams et al. 2017). Additionally, we determined 
one possible causal mechanism leading to these increased abundances was that Japanese barberry 
stands provided ideal questing habitat. The increased interface between ticks and mice provided 
by Japanese barberry’s unique structure not only maintains an optimal microclimate, which 
permits ticks to quest for longer periods of time, but also its dense growth pattern creates more 
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surface area for the passive vector to quest for host species (Elias et al. 2006, Williams et al. 
2009, Williams and Ward 2010, Williams et al. 2017). The original intent of this current research 
was to determine if increased tick densities were possibly caused by increased white-footed 
mouse abundances within barberry stands. Unexpectedly, the results of this study determined 
that white-footed mouse encounter abundances were statistically similar between all three 
treatment types across all six years. Additionally, the abundance of B. burgdorferi-infected 
mouse encounters was also statistically similar between treatment types across all years. 
However, number of feeding juvenile blacklegged ticks/captured mouse was significantly 
different between treatment types; there were a greater number feeding on mice captured in full 
Japanese barberry stands compared to both controlled sites and those where barberry was 
naturally absent. 
The observed increase in juvenile blacklegged tick attachment in mice from intact 
barberry stands further supports the concept that Japanese barberry increases opportunities for 
questing ticks to successfully find a host (Bertrand and Wilson 1996, Randolph and Storey 1999, 
Williams et al. 2009, Diuk‐Wasser et al. 2010, Williams and Ward 2010). The morphology of the 
invasive plant in conjunction with localized host availability provided by a reservoir-competent 
generalist herbivore (Adler and Wilson 1987) created ideal circumstances for blacklegged tick 
populations to increase in abundance. Reduction in cover in controlled barberry stands created a 
more hostile environment likely resulting in an increase in desiccation-induced mortality of 
juvenile ticks. The decline in juvenile tick attachment success upon removal of barberry is 
evident in our results. After initial barberry management, successful attachment of juvenile ticks 
in controlled barberry stands was significantly reduced to that of no barberry stands. The 
significant drop in attachment should result in reduced abundances of mature stages of ticks over 
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time (Bertrand and Wilson 1996, Stafford 2007, Williams et al. 2017) in addition to reducing 
pathogen presence. 
Juvenile blacklegged tick reliance on white-footed mice for bloodmeals (Stafford et al. 
1999, Goodwin et al. 2001) may be the predominant cause for the significant increase in overall 
feeding juvenile tick densities in full barberry stands compared to where it was controlled or 
absent. While the presence of the shrub increases the likelihood of questing ticks finding a host 
(Silander and Klepeis 1999, Lubelczyk et al. 2004, Williams and Ward 2010), barberry itself 
does not directly increase tick abundances, but rather indirectly by retaining daily relative 
humidity (Williams and Ward 2010). It is the presence of particular host species like white-
footed mice that are essential for blacklegged tick life and B. burgdorferi transmission cycles. In 
fact, this reservoir host species has become increasingly essential in the tick life cycle in 
woodland habitats as alternative host diversity and abundance are reduced in the modern-day, 
overly-mature forests of Connecticut (Butler 2016, Linske et al. In Press). In the absence of other 
available hosts, ticks prioritize bloodmeals on available white-footed mice, thus increasing 
opportunities for infection with B. burgdorferi. In Connecticut, Linske et al. (In Press) 
determined that there was a greater diversity and abundance of reservoir hosts in residential 
compared to woodland settings. Mean serologically B. burgdorferi-positive white-footed mice in 
woodland settings was 81% compared to 59% in residential. Early stage questing ticks primarily 
fed on white-footed mice in woodland habitats, resulting in increased infection due to the 
absence of other available dilution hosts, regardless of habitat type. A favorable microclimate 
and a lack of host diversity in conjunction with reservoir competent, habitat generalists such as 
white-footed mice, which are capable of thriving in various habitat types (Adler et al. 1984, 
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Nupp and Swihart 1996, Anderson et al. 2003), are allowing ticks to survive and reach greater 
densities within Japanese barberry stands. 
Additionally, it is important to note the nearly significant interaction between treatment 
type and year for white-footed mouse encounter abundance (P = 0.053). While not significant, 
the low P value in addition to the observed trend in mouse encounter abundance indicates that 
there may be ecological significance to this interaction. While white-footed mice remained 
constant between treatment types, they did not necessarily remain constant over time. That 
fluctuation can play a significant role in the density of blacklegged ticks and pathogen presence. 
The steady decline in mouse encounter abundance leading to 2013 across all treatment types is 
indicative of external, environmental fluctuations. While the intent of this study was not to 
investigate changes in mouse abundances over time but rather a comparison between treatments, 
it was likely due to environmental variability, largely acorn mast abundance. Several studies 
have shown a strong positive correlation between acorn and white-footed mouse abundances 
(Ostfeld et al. 1996, Jones et al. 1998). Regional reports (LaBonte and Kilpatrick 2016, M. A. 
Gregonis, unpublished data) indicated an overall decline in acorn abundance in Connecticut in 
2011, 2012, and 2013. Mouse encounter abundance parallels the acorn trend as encounters 
descend from 2011 to its lower point in 2013 followed by a recovery of both acorn and mouse 
encounter abundance in 2014. Therefore, while the interaction between treatment type and year 
in regards to white-footed mouse encounter abundance may not be statistically significant, the 
noticeable trend merits attention for its ecological significance and its potential role in 
blacklegged tick reproduction. 
Due to such environmental variables, mouse abundances across all treatment types 
declined significantly in 2013, and the observed response in juvenile blacklegged ticks was a 
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significant increase in attachment to mice. Regardless of treatment type and barberry stand 
composition, this inverse relationship further suggests that juvenile ticks are heavily reliant on 
white-footed mice for their first and/or second bloodmeal. While the addition of alternative host 
species may not have displaced mouse populations, ticks could have parasitized other hosts 
instead of being concentrated primarily on mice (Linske et al. In Press). If there was an adequate 
abundance of alternative hosts, we would assume that in 2013, the juvenile tick cohort would 
have parasitized them rather than increasing attachment to the limited white-footed mouse 
population, as speculated in other studies (Ostfeld and Keesing 2000, LoGiudice et al. 2008, 
Ogden and Tsao 2009). Instead, this inverse relationship is evidence of low host diversity and 
abundance in Connecticut’s overly-mature forested ecosystems (Butler 2016, Linske et al. In 
Press) as well as reliance on white-footed mice as the primary reservoir host. 
We presumed mice trapped from full barberry stands with significantly higher 
abundances of successfully feeding juvenile ticks would have had higher exposure rates to B. 
burgdorferi, yet infected mouse encounters remained statistically similar between treatments. 
This would explain why percent infection of adult blacklegged ticks was also not significantly 
different between treatments as observed in Williams et al. (2017), despite the fact adult tick 
abundances were significantly greater in full barberry stands. While overall feeding ticks/mouse 
were significantly greater in intact barberry stands, the chances of ticks successfully feeding on a 
B. burgdorferi-infected mouse were the same between treatment types. The increased potential 
for questing ticks to encounter white-footed mice with uniform pathogen transmission 
capabilities may have caused the number of infected blacklegged ticks to be greater overall 
without a significantly greater infection percentage (Williams et al. 2017). 
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Lowered vegetative diversity in conjunction with invasive plant establishment in our 
northeastern woodlands has had an impact on overall wildlife diversity, without displacing 
white-footed mice. While the elimination of Japanese barberry may reduce tick abundances as 
well as opportunities for tick attachment, the lack of overall plant diversity in the forest 
understory has the potential to primarily, and, to some extent, exclusively support generalist 
species such as white-footed mice. This is of concern as white-footed mice is a highly-competent 
reservoir host, whereas the reestablishment of a greater proportion of incompetent species would 
help dilute pathogen presence (Linske et al. In Press). Appropriate management strategies for 
encouraging new native regeneration in our woodland landscape is becoming increasingly 
necessary as diversity of both flora and fauna have been reduced over time as forests mature 
(McKinney 2002, Fahrig 2003, Butler 2016, Linske et al. In Press). Japanese barberry 
management conducted for this study reduced cover and subsequently reduced juvenile tick 
attachment to mice. Invasive plant management can also momentarily reduce vegetative 
competition and in so doing, allow native plant species to regenerate (Ward et al. 2013, Ward et 
al. 2017). Reestablishment of a native understory may aid in restructuring the composition of our 
woodlands by providing a habitat capable of supporting and attracting more host diversity. Not 
only would this aid the health of the forests, but the increased proportion of incompetent host 
species would dilute the presence of B. burgdorferi. 
This study investigated the effects a single treatment had on long term management of an 
invasive plant species. This treatment not only sustained reduced Japanese barberry cover, but 
also reduced juvenile tick attachment on white-footed mice to values comparable to sites where 
barberry was naturally absent. While mouse populations and percent infection in mice remained 
the same between treatment types, the reduction in tick attachment and overall population 
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presence as seen in Williams et al. (2017) is indicative of an effective, long term management 
strategy. However, further research needs to be conducted on reestablishment of woodland 
diversity in order to enhance the overall health of forests and people alike. Management of 
Japanese barberry has been proven to be one effective mode of managing woodlands and 
successively reducing the interface between blacklegged ticks and their primary competent 
reservoir host, the white-footed mouse. 
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CHAPTER 4: IXODES SCAPULARIS (ACARI: IXODIDAE) RESERVOIR HOST DIVERSITY AND 
ABUNDANCE IMPACTS ON DILUTION OF BORRELIA BURGDORFERI (SPIROCHAETALES: 
SPIROCHAETACEAE) IN RESIDENTIAL AND WOODLAND HABITATS IN CONNECTICUT, USA3 
 
ABSTRACT 
 
The dilution effect in the zoonotic disease transmission cycle theorizes that an increased 
diversity of host species will alter transmission dynamics, result in a decrease in pathogen 
prevalence, and potentially lower human disease incidence. The interrelationship of Borrelia 
burgdorferi (Johnson, Schmid, Hyde, Steigerwalt, and Brenner) (Spirochaetales: 
Spirochaetaceae), the etiological agent of Lyme disease (LD), and its primary vector, 
blacklegged ticks (Ixodes scapularis Say) (Acari: Ixodidae), is a commonly used example of the 
dilution effect, suggesting that an increased diversity of host species will be found in large, 
undisturbed forested tracts and lower diversity in fragmented forests. Given that Connecticut 
woodlands are mature with heavy upper canopies and generally poor habitat quality, we 
hypothesized there would be higher diversity of host species resulting in lower prevalence of B. 
burgdorferi in white-footed mice (Peromyscus leucopus Rafinesque) (Rodentia: Cricetidae) in 
forested residential areas. Using camera and live small mammal trapping techniques, we 
determined there was a greater richness of reservoir host species, significantly higher encounters 
with hosts, and significantly lower B. burgdorferi host-infection in residential areas as compared 
to large, intact forested stands. Furthermore, we determined that the driving factor of pathogen 
                                                          
3 This chapter was accepted for publication on October 23, 2017 as: Megan A. Linske, Scott C. Williams, Kirby C. 
Stafford III, and Isaac M. Ortega. 2017. Ixodes scapularis (Acari: Ixodidae) Reservoir Host Diversity and 
Abundance Impacts on Dilution of Borrelia burgdorferi (Spirochaetales: Spirochaetaceae) in Residential and 
Woodland Habitats in Connecticut, USA, Journal of Medical Entomology. 
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dilution was not host species diversity, but rather overall encounter abundance with alternative 
hosts, regardless of habitat type. Our study challenges major concepts of the dilution effect 
within the Connecticut landscape and calls for new managerial actions to address the current 
state of our woodlands and abundance of host species in the interest of both forest and public 
health. 
INTRODUCTION 
 
Lyme disease (LD) is the most commonly reported vector-borne illness in the United States 
(CDC 2016a). Approximately 30,000 cases of LD are reported annually, however, many go 
undiagnosed or unreported. It is estimated that the actual incidence of human disease cases could 
be at least 10-fold greater, or 329,000 annually (Nelson et al. 2015). The majority of cases ( 
95%) are distributed throughout 14 states in the Northeast, mid-Atlantic, and upper Midwest 
(CDC 2016b). The rise in LD cases has been attributed to the increased abundance and 
distribution of blacklegged ticks (Ixodes scapularis Say) (Acari: Ixodidae), overabundant white-
tailed deer (Odocoileus virginianus Zimmermann) (Artiodactyla: Cervidae), availability of 
white-footed mice (Peromyscus leucopus Rafinesque) (Rodentia: Cricetidae), increased 
recognition of the disease, urban sprawl through forested landscapes, and increased opportunities 
for contact with ticks (Stafford et al. 1999, Levy 2006, Kilpatrick and LaBonte 2007, Stafford 
and Williams 2014). While the aforementioned hosts are the more dominant species in LD 
ecology, there are alternative hosts in the Northeastern landscape such as northern raccoon 
(Procyon lotor L.) (Carnivora: Procyonidae), Virginia opossum (Didelphis virginiana Kerr) 
(Didelphimorphia: Didelphidae), eastern grey squirrel (Sciurus carolinensis Gmelin) (Rodentia: 
Sciuridae), eastern chipmunk (Tamias striatus L.) (Rodentia: Sciuridae), domestic dog (Canis 
lupus familiaris) (Carnivora: Canidae), domestic cat (Felis catus) (Carnivora: Felidae), and 
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various species of birds, among others. One defining difference between all hosts is their varying 
levels of competency in the transmission of Borrelia burgdorferi (Johnson, Schmid, Hyde, 
Steigerwalt, and Brenner) (Spirochaetales: Spirochaetaceae), the etiological agent of LD, to 
blacklegged ticks. 
The availability of numerous hosts with varying degrees of reservoir competency and 
differing habitat types has led to LD ecology being used as a classic example of the dilution 
effect. The ecology of LD contains all the necessary components required to study and model the 
dilution effect: a diversity of competent and incompetent reservoir hosts, a vector that requires 
both types of host for its life cycle, and a pathogen adapted to both tick and specific reservoir 
species (Norman et al. 1999, Schmidt and Ostfeld 2001, Ogden and Tsao 2009, Randolph and 
Dobson 2012). In relation to LD ecology, dilution effect hypothesizes B. burgdorferi infection 
will decrease as host diversity increases due to the increased likelihood that blacklegged ticks 
will successfully feed on incompetent hosts (Ostfeld and Keesing 2000, LoGiudice et al. 2003, 
LoGiudice et al. 2008, Ostfeld and Keesing 2012), which should then result in decreased 
pathogen transmission and ultimately, a decline in LD occurrence in humans. Several studies 
have further extended the definition of LD dilution effect by speculating that larger undisturbed 
parcels of lands harbor more diversity of hosts, which then cause a dilution in pathogen presence 
compared to more fragmented landscapes (Allan et al. 2003, LoGiudice et al. 2003).  
However, LD dilution effect has become increasingly scrutinized, in part, due to the 
predilection to apply the theory too broadly. The key variables identified in previous studies may 
be the result of narrow or localized parameters derived from computer modelling or localized 
geographical settings, which don’t necessarily reflect modern-day wildlife or forest ecology. 
Keesing et al. (2006) stated that dilution can be accomplished through indirect effects such as 
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competition or predator-prey interactions between host species, which can cause a reduction in 
competent hosts. The theoretical applications of LD dilution effect also suggest that an increase 
in biodiversity, defined by species richness (Ostfeld and Keesing 2000), can displace otherwise 
major competent hosts, specifically, white-footed mice (Ostfeld and Keesing 2000, Dobson 
2004, Keesing et al. 2006, Ogden and Tsao 2009). Additionally, the hypothesis suggests that if 
alternative hosts acquire more ticks than do white-footed mice, then the opportunity for pathogen 
uptake should be diminished (Schmidt et al. 1999, Ogden and Tsao 2009). And as previously 
stated, it is further postulated that these factors are habitat dependent; greater species richness 
and overall diversity of host species should be observed in larger, contiguous parcels of 
undisturbed land (LoGiudice et al. 2003). Conversely, it has also been theorized that more 
fragmented habitats, such as urbanized residential landscapes, foster higher densities of 
reservoir-competent white-footed mice and lower overall richness of other host species (Nupp 
and Swihart 1996, 1998, Ostfeld and Keesing 2000).  
The role that habitat size plays in dilution effect is of particular importance. The concept of 
fragmentation is that it transforms the original habitat into smaller patches that are isolated from 
one another by a matrix of habitats that are unlike the original (Wilcove et al. 1986). Several 
studies argue that habitat fragmentation is one of the leading causes of biodiversity loss 
(Bascompte et al. 2002, Fahrig 2003, Hanski 2005). This is due, in part, to the misconception 
that fragmentation is both the breaking apart and loss of habitat (Fahrig 2003). Indeed, habitat 
loss may have a negative effect on biodiversity by disrupting population growth (Bascompte et 
al. 2002), reducing immigration and emigration (Bélisle et al. 2001, Bélisle and Desrochers 
2002), altering inter- and intra-species relations (Taylor and Merriam 1995, Bergin et al. 2000), 
and diminishing overall reproductive success (Kurki et al. 2000). But habitat fragmentation is not 
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necessarily synonymous with habitat loss; it can provide a more diverse array of habitats by 
making an area spatially heterogeneous resulting in local increases in biodiversity (Roff 1974, 
Den Boer 1981, Law and Dickman 1998). In some areas, the subdivision of habitat into a mosaic 
of smaller patches has been shown to enhance predator-prey systems (Huffaker 1958) and 
competition between species (Levin 1974, Atkinson and Shorrocks 1981). Fragmentation can 
also reduce patch isolation and distances between habitat types (Pope et al. 2000) as well as 
create more dynamic patches that can result in a higher level of interdigitation of habitat types, 
meaning that the increase in different habitat types along with increased edge has the potential to 
have an overall positive effect on biodiversity (Fahrig 2003). These edges are often utilized by 
large mammals due to the reduced distance from the protective cover of woodlands (Julander and 
Jeffery 1964, Alverson et al. 1988, Kremsater and Bunnell 1999). Therefore, proximity to edges 
allows foraging behavior to occur with refuge from predators in the immediate vicinity. Edges, 
ecotones, patches, and overall diversity of habitat imbued by fragmentation may have a positive 
effect on host species diversity, rather than the previous misconception that it results in habitat 
loss and subsequent loss of diversity. 
This misconception is further proliferated in regard to LD dilution effect by assuming that 
opportunistic and highly-competent reservoir species like white-footed mice, are more abundant 
in highly fragmented lands (Allan et al. 2003). Additionally, it has been hypothesized that fewer 
reservoir-competent species inhabit larger land parcels as opposed to smaller fragmented patches 
(Andren 1994). These concepts lend to the assumption that LD pathogen transmission should be 
greater in these smaller patches typical of suburban/exurban landscapes. Several studies have 
produced computer model simulations indicating that there is a negative correlation between host 
diversity and the human risk of exposure to LD as habitat area increases (LoGiudice et al. 2003, 
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Ostfeld and LoGiudice 2003, LoGiudice et al. 2008). The findings of these studies appear to be 
aimed at maintaining or enhancing large, contiguous habitats in order to support host diversity 
and reduce pathogen presence. 
However, most of the work provided that correlates habitat and host diversity to disease 
reduction, specifically LD, combines geographically-distinct, predictive modeling with indirect 
measures of diversity and disease (Van Buskirk and Ostfeld 1995, Buskirk and Ostfeld 1998, 
Ostfeld and Keesing 2000, Ogden and Tsao 2009, Wood and Lafferty 2013). The distinct 
location and prophetic model projections may not be enough to support the transposition of this 
theory on a more universal scale. Some argue that this approach is, “part of a growing effort to 
market conservation actions based on the utilitarian services that biodiversity can provide for 
human society” (Wood and Lafferty 2013). Consequently, the application of dilution effect as 
seen in previous studies may not have the same effect or associations in varied geographic areas. 
As a result, studies conducted on the specific effects of a region and its habitat and associated 
wildlife species need to be implemented in order to develop managerial strategies to address the 
issue of pathogen and associated disease presence per location. What one or even several studies 
observe in modeling simulations may not be transferable or applicable to another locale. 
This study aimed to reassess the notion that habitat fragmentation results in reduced diversity 
of host species and reduced pathogen transmission by focusing on the previously described 
assumptions of dilution effect. Overall, we sought to determine whether the main concepts of 
dilution effect are relevant to the modern-day Connecticut landscape and current community 
dynamics. Therefore, this study is twofold in regard to investigating the current concepts 
defining LD dilution effect. First, we hypothesized that there was a greater diversity of reservoir 
hosts in residential habitats largely due to a more diverse array of managed patches in various 
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stages of ecological succession, edge habitat, and abundant landscape plantings as compared to 
the overly-mature and relatively even-aged forest stands of southern New England. The second 
aspect investigated whether the presently derived parameters pertaining to host species diversity 
are a proper representation of the underlying causal mechanisms of vector-borne pathogen 
dilution. Thus, we also examined whether host species richness alone was a meaningful predictor 
of pathogen dilution and human LD cases. 
MATERIALS AND METHODS 
 
STUDY SITES 
 
The study was conducted in woodland study sites established in geographically-separated 
areas across Connecticut and at residential properties in the town of Redding in southwestern 
Connecticut in 2015 and 2016. Eighteen woodland sites were organized into six clusters based 
on their proximity to one another. The first two clusters were located in south-central 
Connecticut on South Central Connecticut Regional Water Authority property in the town of 
North Branford. The third and fourth clusters were located in southwestern Connecticut on 
Centennial Watershed State Forest land in the town of Redding. The fifth cluster was located in 
the northeastern corner of Connecticut on the University of Connecticut Forest in the town of 
Mansfield. The final woodland cluster was on a large forested private tract in the town of Lyme. 
All study areas were heavily forested with a closed upper canopy, typical of most New England 
woodlands and had remnant stone walls running throughout indicating they were likely once 
agricultural fields or pastures. These sites were representative of unfragmented, woodland 
habitats ranging in size from 325 to 2,800 ha. The 30 residential properties in the town of 
Redding were grouped based on proximity to one another resulting in eight distinct clusters. 
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Participating sites were representative of fragmented, residential woodland habitats consisting of 
land parcels of < 2.0 ha and contained lawns, gardens, and landscape plantings, typical of 
suburban domiciles in LD endemic areas. 
CAMERA TRAPPING 
 
Motion-triggered digital game cameras (Moultrie M-880, #MCG-12691, Calera, AL, USA) 
were utilized for this study, with two to six cameras used per cluster. This model included a 
motion sensor and infrared LED flash with a 30-second detection delay between images. Passive 
infrared sensitivity was set to high with a single, still-image photo taken per event with date and 
time stamp. Cameras were positioned on trees 1.0 m above ground in a slight downward-angled 
vertical alignment in order to capture smaller species as well as medium and large hosts. A 1.0 m 
wooden stake was positioned 3.0 m in front of the camera. A long-distance call scent lure 
(Kishel’s Crossbreed Food Call Lure, East Aurora, NY, USA) was applied with a cotton swab to 
the wooden stake. Lure was utilized to attract a suite of potential host species within close 
proximity of camera traps. Scent lure use, cameras, and camera configuration were identical in 
both habitat types across all clusters. Vines or grasses were removed if obstructing the view or 
were unnecessarily triggering camera traps. Image data from camera traps were used to 
determine the number and diversity of host encounters in both fragmented and unfragmented 
habitats. 
Camera trapping took place over 10-day intervals beginning at the first 12:00 am time stamp 
after camera traps were deployed. Because species were not marked or otherwise easily 
distinguishable from one another, the number of host encounters/trap night was documented as a 
measure of encounter abundance. Encounters with targeted host species were documented in 30-
minute intervals. For instance, if there was a single host photographed multiple times within the 
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30-minute interval from the first captured image, it was recorded as a single encounter. 
Similarly, if three hosts were photographed multiple times within the 30-minute interval, three 
host encounters were recorded. The maximum number of individuals of the same species 
photographed in any one image during 30-minute intervals was recorded as that number of 
encounters. The study duration was from May-December in both 2015 and 2016. Residential 
habitats were sampled over four 10-day intervals while woodland habitats were sampled over 
three 10-day intervals in both years. Sampling effort was standardized by determining the 
number of encounters/trap night/cluster/year. A comparison of species richness and number of 
encounters was utilized to determine if significant differences existed between habitat types.  
SMALL MAMMAL TRAPPING  
 
Small mammals did not trigger cameras so live trapping was used to determine the impact of 
habitat type on encounter abundance with white-footed mice, the number of feeding juvenile 
blacklegged ticks/white-footed mouse, and to determine the percentage of white-footed mice that 
at some point, had been infected with B. burgdorferi. White-footed mice were used as an 
indicator species to detect dilution effects by comparing B. burgdorferi exposure between habitat 
types. White-footed mice were trapped using Sherman live traps (LFAHD folding trap, H. B. 
Sherman Traps, Inc., Tallahassee, FL, USA) from June – September 2015 and 2016. Twenty 
traps were set in permanent grids at approximately 15-m spacing at each woodland study site and 
baited with peanut butter. Depending on property configuration, between 8 and 12 baited traps 
were dispersed on residential properties at approximately 15-m spacing. 
Captured white-footed mice were temporarily sedated using the inhalant anesthetic 
isofluorane (Piramal Critical Care, Inc., Bethlehem, PA, USA). White-footed mice were then 
fitted with a uniquely numbered ear tag (National Band and Tag Co., Newport, KY, USA), 
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blood-sampled, and the number of feeding juvenile blacklegged ticks was recorded. Both the 
number of mouse captures and feeding ticks/mouse were standardized/trap night for each 
location within each habitat. Whole blood samples were transported from the field site to the 
laboratory with freezer packs in an insulated container and centrifuged to separate serum from 
whole blood. Both sera and whole blood were individually stored at -80° C for serological 
analysis. 
Sedated mice were allowed to recover from the effects of isofluorane and were released into 
the location from where they were originally captured. Mouse capture and handling protocols 
were approved by the Wildlife Division of the Connecticut Department of Energy and 
Environmental Protection (#819005), The Connecticut Agricultural Experiment Station’s 
Institutional Animal Care and Use Committee (IACUC; P18-13), and a reciprocal agreement 
with the University of Connecticut’s IACUC (R16-002) in accordance with the American 
Society of Mammologist’s guidelines for the use of wild animals in research (Sikes and Gannon 
2011). 
Based on pelage and morphological characteristics, it was assumed that all captured mice 
were white-footed mice rather than deer mice (Peromyscus maniculatus Wagner) (Rodentia: 
Cricetidae). While deer mice are difficult to distinguish from white-footed mice based on 
appearance, the known range of deer mice in Connecticut is restricted to the northwestern 
portion of the state (DeGraaf and Rudis 1986), which was well outside our study areas. 
SEROLOGY  
 
Antibody response to B. burgdorferi was measured using an enzyme-linked immunosorbent 
assay (ELISA) testing as previously reported in Magnarelli et al. (1991, 1997, 2006). Mice were 
considered to be positive for B. burgdorferi exposure if ELISA results indicated that there was an 
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antibody response to its presence. Positive cutoff values were derived from the mean plus three 
standard deviations of net absorbance values of sera from 13 B. burgdorferi-naïve laboratory-
reared white-footed mice. Readings for mouse sera were deemed positive if net optical densities 
exceeded 0.18, 0.15, and 0.11 for the respective serum dilutions 1:160, 1:320, and > 1:640. We 
determined B. burgdorferi exposure status for each mouse at each encounter/capture event 
realizing that uniquely-numbered mice were captured more than once each year. These values 
were then standardized by determining the number of B. burgdorferi-positive white-footed mice 
captured/trap night/cluster/habitat/year. 
DATA ANALYSIS 
 
Standardized values were averaged for each trapping location and then by cluster. Mean 
standardized values were then used as replicates for each habitat type. Year was used as a 
replicate for each cluster to diminish the effect of environmental influences. Shapiro-Wilk 
Normality and Brown-Forsythe Equal Variance tests were conducted on each data set. Any 
variables not normally distributed were transformed. Mean standardized values were compared 
between habitat types using a two-tailed Student’s T test with an alpha value of 0.05. 
MULTIPLE LINEAR REGRESSION 
 
The GLM procedure in SAS statistical software (SAS 9.4, SAS Institute Inc., Cary, North 
Carolina, USA) was utilized for regression analysis. A maximum model was produced using all 
possible predictors including mean number of mice, mean number of juvenile blacklegged ticks 
feeding on mice, host species richness, and host species encounter abundance; habitat type was 
included as a nominal, dummy variable because the value did not indicate a meaningful 
measurement but rather a category of interest (Kleinbaum et al. 2013). Interactions among 
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predictors and habitat type were also considered. A stepwise selection procedure was conducted 
to determine if the final reduced model with significant predictors had an alpha value of 0.05 for 
inclusion. Stepwise selection procedure is a modified version of a forward regression that utilizes 
a partial F test at each step to determine insignificant variables (Kleinbaum et al. 2013). 
Variables with the smallest, nonsignificant partial F statistic are removed and the model is 
refitted. The final model is a reduction of the maximum model only containing significant 
variables via stepwise selection.  
Sherman live-trapping resulted in two predictor/independent variables; mean number of mice 
captured/trap night/cluster/year and mean number of feeding juvenile blacklegged 
ticks/mouse/trap night/cluster/year.  Camera trapping data resulted in two variables; host species 
richness and host species encounter abundance. In the maximum model, host species richness 
was the number of unique host species identified/trap night/cluster/year. Species encounter 
abundance was the mean number of encounters with a host species/trap night/cluster/year. 
Habitat type was a nominal variable, which consisted of 0 for unfragmented/woodland habitats 
and 1 for fragmented/residential habitats. The interactions between habitat type and number of 
mice, number of ticks/mouse, host species richness, or host encounter abundance were all 
considered in the full model. The combination of these predictors was regressed against an 
infection response denoted as the presence of antibodies to B. burgdorferi in captured white-
footed mice. 
RESULTS 
 
CAMERA TRAPPING  
 
Between both habitat types, there was a total species richness of 20 identified over the course 
of the two years. Humans photographed that were not directly part of this study were included in 
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data analysis as they too are hosts for blacklegged ticks. In the residential habitat, 10 mammalian 
host species were documented in 2015 and 15 in 2016. The most captured hosts in residential 
areas over both years were eastern grey squirrel (?̅? = 8.1 encounters/sampling occasion) and 
white-tailed deer (?̅? = 2.1 encounters/sampling occasion). The least captured were American 
black bear (Ursus americanus Pallas [Carnivora: Ursidae]; ?̅? < 0.01 encounters/sampling 
occasion) and ermine (Mustela ermine L. [Carnivora: Mustelidae]; ?̅? < 0.01 encounters/sampling 
occasion). There were also several avian species detected consisting of red-shouldered hawk 
(Buteo lineatus Gmelin) (Falconiformes: Accipitridae), eastern wild turkey (Meleagris gallopavo 
L.) (Galliformes: Phasianidae), and 14 different passerine species, which were grouped together 
for data analysis purposes. 
In the woodland habitat, seven mammalian species were captured in 2015 and 10 in 2016. 
The most captured species in both years combined again were eastern grey squirrel (?̅? = 3.2 
encounters/sampling occasion) and white-tailed deer (?̅? = 2.2 encounters/sampling occasion). 
The least captured species in woodland habitats were domestic horse (Equus caballus 
[Perissodactyla: Equidae]; ?̅? = 0.02 encounters/sampling occasion) and American black bear (?̅? < 
0.01 encounters/sampling occasion). There were also avian species photographed consisting of 
eastern wild turkey and six passerine species. 
A summary of mean number of encounter values for each species observed is provided in 
Table 1 with species richness and encounter abundances/cluster in Table 2.  Richness and 
encounter abundance for each cluster was broken down into two years, 2015 and 2016, and then 
averaged across sampling occasions. 
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Table 1. Mean encounters for all species documented in images from camera traps in residential 
and woodland habitat per sampling occasion.  
Species Residential Woodland 
Eastern Gray Squirrel (Sciurus carolinensis) 8.12 3.23 
White-tailed Deer (Odocoileus virginianus) 2.08 2.21 
Raccoon (Procyon lotor) 1.94 0.75 
Red Fox (Vulpes vulpes L.) (Carnivora: Canidae) 1.29 0.14 
Eastern Chipmunk (Tamias striatus) 1.29 0.14 
Passerine Birds  0.34 0.31 
Wild Turkey (Meleagris gallopavo) 0.29 0.36 
Domestic Cat (Felis catus) 0.28 0.00 
Virginia Opossum (Didelphis virginiana) 0.19 0.08 
Eastern Cottontail (Sylvilagus floridanus J.A. Allen) 
(Lagomorpha: Leporidae) 
0.16 0.09 
Eastern Coyote (Canis latrans Say) (Carnivora: Canidae) 0.12 0.21 
Human (Homo sapiens L.) (Primates: Hominidae) 0.10 0.08 
Bobcat (Lynx rufus Schreber) (Carnivora: Felidae) 0.07 0.00 
Striped Skunk (Mephitis mephitis Schreber) (Carnivora: 
Mephitidae) 
0.06 0.00 
Domestic Dog (Canis familiaris) 0.06 0.07 
Woodchuck (Marmota monax L.) (Rodentia: Sciuridae) 0.03 0.00 
Birds of Prey  0.01 0.00 
Domestic Horse (Equus caballus) 0.00 0.02 
American Black Bear (Ursus americanus) <0.01 <0.01 
Ermine (Mustela erminea) <0.01 0.00 
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Table 2. Species richness denoted by number of unique species as well as total encounter 
abundance of species documented in images from camera traps/cluster/year.  
Habitat 
Type 
Cluster No. of 
Trapping 
Sites 
No. of 
Sampling 
Occasions 
Year No. of Unique 
Species* 
Total Host 
Encounter 
Abundance * 
Woodland 1 3 3 2015 3 8 
2016 2 11 
 Woodland 2 3 3 2015 3 11 
2016 3 11 
Woodland  3 3 3 2015 2 12 
2016 2 8 
Woodland  4 3 3 2015 2 3 
2016 2 4 
Woodland  5 3 3 2015 1 3 
2016 2 5 
Woodland  6 3 3 2015 3 15 
2016 3 17 
Residential 7 3 4 2015 3 13 
2016 3 23 
Residential  8 4 4 2015 4 27 
2016 3 37 
Residential  9 3 4 2015 4 29 
2016 4 25 
Residential  10 2 4 2015 4 37 
2016 5 44 
Residential  11 5 4 2015 3 17 
2016 3 19 
Residential  12 4 4 2015 3 14 
2016 4 17 
Residential  13 6 4 2015 3 27 
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2016 4 26 
Residential  14 3 4 2015 2 12 
2016 3 14 
*Average per sampling occasion for each cluster 
 
For species richness, there was significant differences detected between habitat type (t = -
4.81, df = 26, P < 0.001) (Fig. 1). The mean value of species richness in residential habitats 
(0.35/trap night) was significantly greater than in woodland habitats (0.23/trap night). For host 
encounter abundance, the Brown-Forsythe Equal Variance test (P < 0.05) failed. Therefore, a 
Mann-Whitney Rank Sum test was conducted. Results indicated that there was a significant 
difference between habitat types (U = 10.0, n1 = 12 n2 = 16, P < 0.001). The median value of 
host encounter abundance in residential habitats (2.40) was significantly greater than the median 
value in woodland habitats (0.94) (Fig. 1). 
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Figure 1. Comparison of host species richness, host encounter abundance, number of mouse 
captures, number of ticks on mice, and Borrelia burgdorferi antibody presence in mice between 
residential and woodland habitat types.  Means with different letters are significantly different 
from one another within each of the five bar graphs. 
SHERMAN LIVE TRAPPING  
 
There were 506 white-footed mouse captures in woodland locations and 541 in residential 
settings for 2015 and 2016. For the number of white-footed mice captured/trap night, there was 
no significant difference between the two habitat types (t = 0.19, df = 26 P = 0.85): residential 
 100 
 
areas had a mean 0.23 mice/trap night while woodland habitats had a mean of 0.24 mice/trap 
night (Fig 1.). 
A log transformation was used for feeding juvenile blacklegged ticks/mouse/trap night as 
those data were not normally distributed initially due to a heavy presence of zero values. For the 
Student’s T test conducted on transformed values, there was a significant difference between the 
two habitat types (t = 3.38, df = 26, P < 0.01). The mean of transformed values in woodland 
habitats (0.38) was significantly greater than in residential habitats (-0.07); feeding juvenile 
blacklegged tick loads were significantly higher on woodland white-footed mice (Fig. 1). 
SEROLOGY 
 
There were 506 sera samples from 358 unique white-footed mice tested from woodland 
locations and 541 of 399 unique mice in residential settings for both years combined. The 
number of white-footed mice that tested positive for antibodies to B. burgdorferi along with total 
number of sera tested from unique mice is summarized in Table 3. In order to reduce variability 
in infection prevalence, percent infection was determined for each trapping location and mean 
percent infection was then determined for each cluster. Percent of mice infected with B. 
burgdorferi were significantly different between the two habitat types (t = 4.17, df = 26, P < 
0.001). Mean percent of mice infected with B. burgdorferi in woodland habitats (80.9%) was 
significantly greater than in residential habitats (58.5%) (Fig. 1). 
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Table 3. No. of unique white-footed mice sera tested, no. of B. burgdorferi positive white-footed 
mice, and mean % infection/cluster from serological ELISA testing for each habitat type and 
cluster 2015 and 2016. 
Habitat Type Cluster Year Unique Mouse 
Sera Tested 
B. burgdorferi 
Positive Sera 
Mean % 
Infection/Cluster 
Woodland 1 2015 28 21 78 
2016   56 36 61 
 Woodland 2 2015 20 17 84 
2016 46 40 87 
Woodland  3 2015 26 19 71 
2016 46 35 72 
Woodland  4 2015 13 12 96 
2016 36 36 100 
Woodland  5 2015 9 8 93 
2016 34 33 97 
Woodland  6 2015 13 9 72 
2016 31 18 59 
Residential 7 2015 15 12 83 
2016 26 14 49 
Residential  8 2015 20 10 49 
2016 45 14 30 
Residential  9 2015 11 7 67 
2016 23 14 58 
Residential  10 2015 12 5 44 
2016 24 12 50 
Residential  11 2015 27 16 58 
2016 40 23 59 
Residential  12 2015 13 11 79 
2016 20 12 67 
Residential  13 2015 18 12 65 
2016 65 27 42 
Residential  14 2015 17 12 69 
2016 23 16 68 
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MULTIPLE LINEAR REGRESSION 
 
Initial observations of the maximum model indicated that the following predictors were 
statistically significant; host encounter abundance (P < 0.02), the interaction between habitat and 
ticks/mice (P = 0.04), and the interaction between habitat and mice captured/trap night (P = 
0.05). However, based on the stepwise selection procedure, host encounter abundance (P < 
0.0001) was the only significant predictor for B. burgdorferi infection in white-footed mice, 
regardless of habitat type. As a result, the following reduced model was produced: 
Y = B0 + B4X4 + E 
Where B0 = 0.92 (SE = 0.036, P < 0.001) and B4 = -0.14 (SE = 0.012, P < 0.001), resulting in 
a -0.14 decrease in infection for every unit increase in host encounter abundance. 
DISCUSSION 
 
We found a positive association between a greater diversity of hosts and reduced pathogen 
presence, but we also found that the significant predictor of pathogen prevalence in white-footed 
mice was driven by host encounter abundance, not host diversity. Previous studies used species 
richness as a proxy for diversity, whereas we also examined encounter abundance of alternative 
hosts. As a result, our study found that the only significant predictor of B. burgdorferi infection 
in white-footed mice was alternative host encounter abundance, regardless of habitat type. 
Additionally, a greater diversity of reservoir host species and reduced B. burgdorferi exposure in 
mice was found in fragmented residential habitats, not intact, large forested stands as previously 
theorized. We also found no significant difference in the number of encounters with white-footed 
mice between habitat types, indicating that they not only readily utilize both environments, but 
were not displaced by the increased abundance of alternative host species as speculated 
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previously. Diversity did not negatively impact white-footed mouse density. Because the number 
of white-footed mouse encounters remained similar between the two habitat types, we believe 
that a lower prevalence of B. burgdorferi infection existed in residential settings because of the 
significantly greater number of encounters host-seeking ticks had with alternate, incompetent 
host species. This was further supported by significantly lower numbers of juvenile blacklegged 
ticks feeding on white-footed mice in residential habitats. 
From these findings, we conclude that parts of dilution effect can be applied to LD ecology, 
but the overall concept needs refinement. While B. burgdorferi may have been undergoing 
“dilution” as we saw markedly less infection in white-footed mice in areas where richness and 
encounter abundance were greater, it was not occurring through the means previously suggested. 
Species richness is just one measurement of diversity, and is a one-dimensional perspective at 
best. Wood and Lafferty (2013) make the valid point of the importance of accommodating both 
the abundance of hosts as well as the specific type of diversity when quantifying dilution effect. 
Therefore, hosts need not be increasingly diverse in order to dilute tick-borne pathogens, but 
rather the dichotomy of reservoir competent to incompetent hosts needs to favor a greater 
proportion of the latter. This is often noted in the role white-tailed deer play in the tick life cycle 
(Wilson et al. 1985, Wilson et al. 1990, Rand et al. 2003). White-tailed deer are incompetent 
hosts and, therefore, do not play a direct role in the pathogen transmission cycle. However, they 
provide a blood meal for upwards of 90% of female blacklegged ticks in addition to juvenile life 
stages (Williams et al. In Press), and are thereby pivotal to tick reproductive success and 
abundance (Daniels et al. 1993, Stafford 2007). Therefore, increased abundance of a single 
incompetent species such as white-tailed deer or grey squirrels, can increase tick density and 
offset lower infection prevalence. 
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Likewise, when assessing a dilution effect, habitat is often ill-defined and often assumes that 
larger, undisturbed parcels of land harbor more diversity than fragmented areas. The results of 
our study produced the opposite conclusion. The notion that wildlife species require hundreds if 
not thousands of hectares of unbroken, undisturbed habitat has little relevance in the overly-
mature, even-aged, and relatively sterile forests of southern New England. Connecticut’s 
woodlands no longer contain the same level of stand-age diversity they had historically. In 1972, 
50% of Connecticut was forested (719,247 ha) (Dickson and McAfee 1988) with the distribution 
of small (< 12.7 cm at breast height (DBH)), medium (12.7 – 22.6 cm DBH for softwoods, 12.7 
– 27.7 cm DBH for hardwoods), and large (> 22.7 cm DBH for softwoods, > 27.8 cm DBH for 
hardwoods) trees being relatively equal, each comprising ≈ 33% of total (Butler 2016). However, 
in 2015, Connecticut had an estimated 728,434 ha of forested land, estimated to cover 58% of 
the state with a much different stand-age distribution; large trees comprised ≈ 83%, medium 
trees ≈ 11%, and small trees ≈ 6% (Butler 2016). This lack of habitat stratification has led to an 
overly-mature canopy which prevents sunlight from penetrating into the understory (Canham et 
al. 1994), which consequently lacks the necessary vegetative diversity to attract or support 
abundant and diverse wildlife species. Unfortunately, the landscape has been further modified 
through the compounding effects of excessive herbivory by white-tailed deer (Webb et al. 1956, 
Tierson et al. 1966, McShea et al. 1997, Horsley et al. 2003) and the aggressive growth of exotic 
invasives such as Japanese barberry (Berberis thunbergii de Candolle) (Ranunculales: 
Berberidaceae), multiflora rose (Rosa multiflora Thunberg) (Rosales: Rosaceae), and 
honeysuckle (Lonicera spp.) (Dipsacales: Caprifoliaceae) (Cipollini et al. 2009, Eschtruth and 
Battles 2009, Relva et al. 2010, Duguay and Farfaras 2011, Ward et al. 2017). 
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In contrast, suburban residential environs provide prolonged intermediate disturbance, which 
promotes wildlife habitat heterogeneity and can ultimately increase species richness (McKinney 
2002). Many studies have documented increased abundances of wildlife species in suburban 
areas such as birds (Blair 1996), mammals (McKinney 2008), butterflies (Blair 2001), 
bumblebees (Pawlikowski and Pokorneicka 1990), lizards (Germaine and Wakeling 2001), ants 
(Nuhn and Wright 1979), and even plants (Kowarik 1995). While suburban habitat heterogeneity 
is the main factor driving increased abundances of wildlife, primary productivity stimulated from 
increased importation of water, fertilizer, and other such factors (McKinney 2008), as well as 
increased availability of food sources such as garbage and bird seed (Cowie and Hinsley 1988) 
have afforded these areas greater wildlife diversity and abundance than their woodland 
counterparts. As Sterba (2012) states in his book Nature Wars, “most [people] live among a lot 
of trees but not in what would traditionally be called a forest. Sprawl, for example, can include 
suburbs, exurbs, golf courses, crop land, pastures, parks, highway median strips, parking lots, 
McMansions, Burger Kings, and people. It obviously isn’t officially defined forests, [but] for 
many wild creatures they have all the comforts of a forest – and more.” This level of 
fragmentation and diversification of habitat provides wildlife with everything they need to thrive, 
specifically food, water, and shelter, negating the original thought that fragmentation is 
synonymous with habitat loss (Fahrig 2003). The numerous wildlife species inhabiting 
fragmented landscapes are not only increasingly able to tolerate human encroachment, but often 
seek out suburban residential areas due to better quality, greater diversity, and more productive 
habitat than can be found in the large, mature forested tracts found throughout most of 
Connecticut. While we are certainly not suggesting fragmenting remaining forested lands in 
hopes of eliminating tick-borne pathogens, we suggest that management strategies influenced by 
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major concepts of dilution effect be revisited. Additionally, we hope this research will be used as 
scientific justification to promote management of mature forested stands to improve stand-age 
and wildlife diversity and abundance.  
We determined traditional aspects of dilution effect are compromised by the limitations of 
predictive modeling and computer simulations. Several studies (Van Buskirk and Ostfeld 1995, 
Ostfeld and Keesing 2000, Schmidt and Ostfeld 2001) may have had success in producing such 
evidence in their research using these methods, but we have shown that the application of this 
theory in the field produced some contrasting results. Swei et al. (2011) and Ostfeld and Keesing 
(2000) also conducted field studies testing the application of major concepts of host diversity and 
dilution effect only to find that systems containing species such as western fence lizards 
(Sceloporus occidentalis Baird & Girard) (Squamata: Phrynosomatidae) and ground dwelling 
birds did not produce expected results pursuant to LD dilution effect. Certainly in computer 
modeling, introduction of host diversity can be controlled to show the impact selected alternative 
host species have on pathogen presence (Van Buskirk and Ostfeld 1995, Ostfeld and Keesing 
2000, Schmidt and Ostfeld 2001), but as seen in our field study, so too would the simple 
increased overall abundance of a single incompetent host species. 
Lyme disease ecology is increasingly complex, and therefore, the application of a “one-size-
fits-all” theory such as dilution effect may not be appropriate. Forest ecology and wildlife 
populations are active systems that are ever-changing over time; dilution effect may have had 
application when more stand-age diversity existed in our forests, but not in modern-day mature 
stands. Moving forward, the focus needs to be on long-term management efforts to reestablish 
forest stand-age diversity that favors host populations. In the interest of public health as well as 
forest health, it is of utmost importance to continue to better our understanding of the ever 
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changing dynamics of LD ecology rather than settle for a “silver bullet” solution that is not 
compatible with the current state of our environment. 
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